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NOTICES 
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Copies  of  this  report  sliould  not  be  returned  to  the  Research  and 
Technology  Division  unless  return  is  required  by  security  considerations, 
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ABSTRACT 


Investigation  of  the  feasibility  of  using  endothermic  reactions  to 
augment  the  latent  and  sensible  heat  of  fuels  for  cooling  engines  operating 
under  a  high  mach  number  regime  is  continuing.  Studies  in  the  literature 
continue  to  maintain  the  desirability  and  feasibility  of  producing  vehicles 
with  hypersonic  flight  speeds  and  suggest  some  areas  of  advantage  of 
hydrocarbons . 

Laboratory  studies  on  the  dehydrogenation  over  Pt/Alo03  of  a  number 
of  mixtures  of  naphth  ines  have  been  made  including  methyl-Decalin  and 
dicyclohexyl  as  well  as  the  pure  components,  with  additional  studies  on 
Decalin. 


About  220  dehydrogenation  catalysts  have  been  prepared  using  a 
variety  of  metals  and  supports.  Most  of  these  have  been  tested  in  our  micro¬ 
scale  reactor  and  a  number  of  these  have  shown  activity  somewhat  superior  to 
our  standard  Pt/Al203  catalyst  in  MCH  dehydrogenation.  The  results  have  been 
confirmed  in  our  bench  scale  equipment.  Attempts  are  being  made  to  develop 
vapor  (or  dispersed)  phase  catalysts  for  the  dehydrogenation  of  naphthenes;  a 
number  of  compounds  have  shown  some  indications  of  activity  when  tested  with 
MCH. 


Propane  and  an  advanced  jet  fuel  were  tested  as  possible  heat  s’_ni 
fuels  in  our  fuel  system  simulation  test  reactor  under  thermal  cracking 
conditions.  A  maximum  heat  sink  of  1300  Btu/lb  was  achieved  at  space 
velocities  to  400  and  pressures  to  900  psi  with  maximum  conversions  of  about 
60$.  The  effect  of  increasing  tube  size  from  3/8  to  3/4  inch  has  been 
checked  using  the  MDH-Pt/Al203  system.  Conversions  of  up  to  95$  at  80  LHSV 
were  obtained  with  anticipated  heat  sinks. 

Our  packed  bed  reactor  program  included  herein,  has  been  ■”:„.,.-itien 
and  simplified  resulting  in  a  considerable  saving  in  both  human  and  computer 
time.  With  this  program  we  have  been  able  to  extru-jOiSte  analyt-  liy  to  a 
variety  of  configurations  extending  far  beyond  fuel  flow  and  heat  fluxes 
presently  possible  in  the  FSSTR.  A  short  high  heat  flux  section  has  been 
designed  for  this  unit  to  allow  experimental  verification  of  calculations. 
Operation  at  900  psi  pressure,  LHSV  of  l600,  conversion  of  65$  at  a  heat  flux 
of  3.6  x  105  Btu/hr/sq  ft  was  achieved  with  MCH  over  R-8  catalyst. 

The  thermal  stability  of  MCH,  Decalin  and  a  naphthenic  jet  fuel 
were  all  critically,  but  uniquely,  dependent  on  02  concentration  in  the 
region  below  about  10  ppm.  A  new  apparatus  for  assessing  thermal  stability 
of  endothermic  type  fuels  was  designed,  constructed  and  brought  into 
successful  initial  operation. 

The  ignition  delay  behavior  of  both  ethane  and  ethylene  was  found 
to  be  considerably  different  from  other  hydrocarbons  in  the  shock  tube,  the 
ignition  delay  reaching  a  minimum  in  the  region  of  E/R  =0.5  with  two  differ¬ 
ent  temperature  coefficients  which  are  dependent  upon  total  reactives 
concentration.  Additional  data  have  also  been  obtained  cn  normal  dcdecane, 
Decalin,  methyl-Decalin,  methane,  tetramethylbutane  and  neopentane.  The 
noneflt  01  utilising  infrared  detection  for  measuring  ignition  delays  was 
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established.  The*  essential  identity  oi'  combustion  of  propane  and  toluene  when 
premixed  hot  with  hot  air  was  determined  in  a  small  subsonic  burner . 


Included  In  this  report  are:  the  physical  properties  of  the  M^H 
system  to  16(X)*F  and  >000  psi;  a  bibliography  of  papa"  ;  and  reports  cf 
interest  in  this  field;  a  computer  program  for  simulating  react loin  in  a 
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The  cojective  of  this  study  is  to  provide  the  information  necessary 
for  specifying  nonhydrogen  fuels  which  will  he  capable  of  providing  cooling 
and  propulsion  for  engines  powering  aircraft  in  the  speed  range  above  Mao’i  ’, 
The  fuel  will  provide  cooling  by  giving  up  its  latent  and  sensible  heat  and 
by  undergoing  endol hernvio  reactions  before  it  is  fed  into  the  engine  in  vapor 
form.  This  could  be  in  the  temperature  range  up  to  about  l400°F. 

In  ordt  r  for  the  fuel  to  function  in  thi.8  manner,  it  must  have  excellent 
thermal  stability  up  to  the  temperature  at  which  ^eactior  occurs  and  also  in 
the  post-reaction  portion  of  the  heat  exchanger,  to  avoid  fouling  problems . 
Work  under  early  Air  Force  contracts  served  to  establish  many  of  the  param¬ 
eters  vhioh  obtain  in  delineating  the  boundaries  of  the  problem.  Work  was 
done  under  our  previous  contract1  “^to  define  more  closely  the  advantages  and 
limitations  for  the  application  of  hydrocarbon  fuels.  In  that  contract  the 
goal  was  to  develop  specifications  for  a  fuel  or  fuels  which  could  be 
utilized  for  advanced  engine  application  and  to  design  methods  and  equipment 
for  testing  the  properties  of  such  a  fuel. 

In  order  to  allow  precise  definition  of  the  fuel,  we  studied 
various  problems  that  could  arise  in  several  parts  of  the  fuel-combustion 
system.  These  included  thermal  stability  problems  which  could  originate  Ln 
the  fuel  tanks  or  in  the  various  metering  devices  and  fuel  lines;  deposition 
or  coking  problems  which  could  affect  the  efficiency  of  heat  exchanger- 
reactor  devices  and  catalysts,  or  plug  fuel  nozzles;  and  combustion  param¬ 
eters  which  could  affect  the  design  or  operation  of  the  combustion  chambers. 
In  order  to  provide  a  sound  basis  for  the  selection  or  rejection  of  fuels,  we 
endeavored  to  relate  the  various  phenomena  observed  to  the  physical  and 
chemical  properties  of  the  fuels  studied. 

Th  problem  areas  and  approaches  used  were  broken  down  in  the 
following  manner:  we  Improved  a  previously  designed  coker  apparatus 
for  use  in  studying  the  thermal  stability  of  possible  fuels  and 
components  at  temperatures  up  to  900°F*  1J®  studied  possible  thermal  and 

catalytic  reactions  in  laboratory  scale  equipment  in  order  to  test  the 
reactivity  of  fuels  and  the  suitability  of  selected  catalysts.  The  heat 
sinks  available  in  the  hydrocarbons  tested  were  calculated  fro::,  thermodynamic 
properties  of  the  reactants  and  products.  A  fuel  system  simulation  test  rig 
(FSSTR)  vac  constructed  and  used  to  provide  data  on  hydrocarbon  eye terns.  A 
computer  program  for  simulating  the  behavior  of  a  packed  bed  reactor  was 
modified  to  accept  and  correlate  the  results  obtained  in  the  fuels  system 
simulator.  The  subsonic  combustion  properties  of  selected  fuels  and  reaction 
products  were  observed  in  a  small  scale  combustor  while  the  ignition-delay 
behavior  of  the  same  fuels  and  products  was  studied  in  a  single-diaphrsgm 
shock  tube  to  give  an  indication  of  supersonic  combustion  properties . 

Studies  done  under  the  previous  contract  indicated  the  general 
feasibility  of  the  endothermic  reaction  approach,  particularly  the 
utilization  of  catalytic  dehydrogenation  reactions.  Our  best  results  were 
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seen®  possible- .  The  importance  of  reJtrictiijg 
the  oxygen  content  to  very  low  levels  to  reduce  heat  exchanger  problems  wan 
also  indicated.  Operation  with  the  fi-el  system  simulation  tost.  unit  (FSSTR) 
have  provided  valuable  dml  n  fur  hear,  exchanger  design  e.air.ulai  u-ns  ai.d 
Li&i t*d  ito  ; jobs  1  Dri i.  i.y  , ^ ,  h igji  space  v e  1  >  w  r  , y  mjkj  tong  c .*i  ..h  ;.ys  t,  J  J  * 
with  the  Mill  system.  The  limitation  of  thermal  cracking  of  ’lydrccsrbona  to  a 
relatively  low  heat  sink  of  about  J00  Ptu  pci-  pound  due  to  hydrogen  transfer 
reaction  vac  demonstrated.  The  mathematical  model  for  the  cylindrical  avA al 
flow  reactor  was  found  to  bo  adequate  to  the  extent  of  its  development.  The 
combustion  studies  suggest  that  the  possibilities  of  burning  the  proponed 
feed  materials  and  tl,e  produo  c-e  of  tneir  leljydrqgenation  under  both  subsonic 
and  supersonic  combustion  oondit J  one  arc  promising. 


Under  our  present  contract  ve  are  continuing  and  extending  the  work 
done  under  the  previous  contract,  with  some  changes  in  emphasis:  Ve  are 
continuing  to  survey  the  pertinent  literature  and  will  issue  bibliographies 
from  tine  to  time.  We  will  eon  time  to  consider  various  feed  materials  which 
might  be  useful  if  this  ap.u3.its  \t.ion  anu  assess  the  probability  of  their  being 
successful  candidate  materials.  Such  candidates  are  screened  in  our  small, 
scale  equipment  for  reactivity  and  effect  on  catalyst  life  and  tfc  •  thermal 
stability  under  heat  exchanger  conditions.  Sum  sssful  c end id ate  materials 
will  be  tested  with  improved  catalysts  and  also  under  larger  scale  conditions 
as  represented  by  our  fuel  system  simulation  test  rig. 


In  the  previous  contract  only  a  limited  number  of  catalysts, 
selected  for  their  probable  activity,  were  tested  with  a  variety  of  feed 
materials.  The  reactions  of  interest  in  that  program  included  dehydro¬ 
genation,  cahydrocyclization  and  d e polymer i z at. ion .  In  toe  present  program  we 
are  conducting  an  intensive  catalyst  development  program  for  new  catalysts 
for  these  types  of  reactions.  Thie  involves  the  small  scale  preparation  of  2, 
wi.de  variety  of  catalysts  in  which  catalytic  elements  (e.g.,  transition 
metals)  are  deposited  ca  substrates  and  modified  by  a  variety  of  noncatalytic 
elements  such  as  tae  alkalies,  alkaline  earths,  and  halogen* .  Other 
catalysts  are  prepared  containing  metallic  oxides  and  acidic  sites,  Such 
catalysts  are  tested  initially  in  a  small  scale  apparatus  (the  "micro-scale 
catalyst  teat  reactor",  MICTR)  which  allows  rapid  screening  with  standard 
feed  materials  such  as  methylcyclohexane,  dime  thy  Jhexane  and  tetraisobutylene. 

auuivi.w/11  uw  uxit.  *4  o  httlCp  b  ovo  picpart:  &  uytJJ.  tot  •o-Jxi  vcxiOiuiia.x  0^'  uca  octxjr  t>  0 tJ  xli 

which  catalytic  materials  are  mounted  on  substrate  granules,  attempts  «*»  being 
made  to  prepare  noaconventional  cat-flysts  fas  which  the  catalytic  material  is 
mounted  on  specially  shaped  supports  (designed  to  minimize  pressure  drop),  or 
is  previously  dispersed  in  the  feed  materiel,  or  is  farmed  by  decorpositlon 
in  the  heated  zone,  Snnh  ronnonven ticnal  catalysts  are  to  be  tested  with  the 
appropriate  standard  reed  materials  prior  to  being  us=»d  with  other  feed 
materials  developed  as  a  result  of  the  program  mentioned  above. 


The  computerized  mathematical  model  mentioned  above  ha  been 
carried  to  the  point  where  good  representation  of  the  FSSTR  experimental 
results  Is  possible.  Further  development  of  this  model  undert&'u.n  under  the 
present  contract  allows  the  inclusion  of  different  size  tubes  i'  .u  catalyst 
dispositions  and  variable  heat  flux  and  temperatures  along  the  tube  length. 
It  will  eventually  include  latent  and  sensible  heat  sinks  both  before  nnd 
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combustor  deagirs  part  of  the  overall  program. 


Extension  of  the  program  towards  an  si  re  raft  fl»a 
considerably  more  work  be  done  on  the  supersonic  enr.bnc* 
of  the  candidate  fuels.  This  phase  might  include  ar.  analy 
Involving  different  ico  ;  of  controlling  f . t- r :  within  the 
of  nozzle  expansion,  an  experimental  snail  scale  and  ».» :  *■ 


V  _  uD  tv 


'  i  <Xl~:tx  xy  B  x  5 


which  would  put  the  comb’ is  lion  end  of  the  problem  or.  a  sound  ■ l ,■  .  i ; ,  this 

program,  our  own  efforts  will  be  directed  towards  maintaining  col iaUeration 
end  liaison  with  other  programs  and  with  other  contractors  in  the  hydrocarbon 
scramjet  program.  We  have  been  continuing  our  studies  in  the  shod  tuN*  with 
high  molecular  weight  fuels  and  infrared  study  of  naphthene  dehyd ”cgf nation 
systems .  We  have  also  undertaken  to  complete  our  won't  on  the  examination  of 
subsonic  cceibustion  in  the  small  burner  developed  under  the  previous  contract 
with  the  additional  feature  of  obtaining  quantitative  data  on  the  radiation 
emitted,  as  a  function  of  fuel  composition  and  burner  conditions. 


An  important  consideration  in  any  system  which  attempts  to  use  the 
fuel  for  cooling  is  the  thermal  stability  of  the  fuel  in  the  exchanger 
portions  of  the  fuel  system.  In  our  previous  contract  we  used  the  Shell 
Development  Coker  for  evaluating  the  thermal  stability  both  of  feed  material 
and  of  products  produced  by  both  thermal  and  catalytic  reactions.  Examination 
of  the  products  suffers  from  the  serious  deficiency  that  inevitably  a  time 
lapse  and  same  handling  has  to  occur,  before  the  products  of  reaction  are 
tested.  We  have  therefore  constructed  a  new  piece  of  equipment  under  the 
present  contract  for  establishing  a  standard  test  for  both  catalysts  and 
fuels.  This  unit,  called  the  Catalyst  and  Fuel  Stability  Test  Rig  ( CAFSTR) , 
will  permit  simulation  of  the  thermal  environment  and  representative  contact 
times  all  the  way  from  the  fuel  tank  to  the  engine  Inlet.  Fuels  will  be 
tested  using  a  standard  catalyst,  while  catalyst  will  be  tested  using  a 
standard  fuel. 


Specific  support  is  also  being  furnished  to  contractors  in  the  cool¬ 
ing  program.  This  support  consists  of  consultation  with  respect  to  problems 
encountered  in  the  study  programs,  the  furnishing  of  technical  data  required 
for  the  solution  of  design  problems  or  for  the  carrying  out  of  experimental 
tnvesticat.ionfl .  We  pn  PVTVin+  +  r> 
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our  laboratory  equipment  to  solve  specific  problems  encountered  by  the  other 
contractors . 
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Summary 


IXamLnation  or  the  literature  during  the  past  year  has  reveal  id  a 
continuing  interest  :.i  tl'ie  possibility  oi'  developing  aircraft  capable  <  i' 
achieving  flight  speeds  up  to  about  Mach  12.  It  appears  tnat  sound  t-  chno- 
logieal  reasons  exist  that  lens  opti'ism  to  hopes  of  overcoming  the  formid¬ 
able  cooling  ana  propulsion  problems  that  still  stand  in  the  way  of  being 
able  to  achieve  such  speeds  utilizing  Hydrocarbons  as  fuexs.  Some  of  the 
more  important  of  the  papers  and  repc  ,s  that  have  appealed  are  analyzed 
below. 


O'  ring  this  year  considerable  attention  has  been  given  to  the 
effect  of  mixed  feed  components  on  the  dehydrogenation  reaction  and  catalyst 
stability.  Thus,  in  both  the  DCH/MCK  t  dicyclohexy  l/me  „hyleyclohexune)  and 
DUN/MCH  ( Decalin/ methylcyclonexane)  systems  the  effect  of  mixtures  under  both 
the nral  and  catalytic  conditions  is  to  Increase  the  rate  of  reaction  of  the 
dicyclie  compound  and  decrease  the  rate  of  reaction  of  MCH.  Contrary  to 
previous  results,  the  presence  of  MCH  with  DHN  either  increased  catalyst 
deactivation  or  did  r ft  improve  It.  This  differs  from  previous  results  with 
a  different  sample  of  nHN  where  the  addition  of  MCH  improved  the  catalyst 
stability.  Attention  has  also  been  given  to  the  possibility  of  utilizing 
mixed  feeds  with  dicyclohexyl  and  Decalin  as  components  as  well  as  further 
investigations  of  the  dehydrogenation  of  the  pure  components.  The 
dehydrogenation  of  Decalin  ever  Pt/Al^Oa  is  complicated  by  the  presence  of 
the  geometric  isomers  and  by  the  fact  that  the  reaction  goes  in  two  steps. 
Studies  with  the  pure  isomers  have  giver:  insight  into  the  course  of  the  3 
p?orali-i  reactions  which  proceed  simultaneously.  Pure  lJP,4,5--tetraroethyl- 
cyciohexane  wan  tested  (bench  scale)  under  both  thermal  and  catalytic 
(Pt/Al2°3)  conditions.  This  compound  reacted  considerably  faster  than  MCH, 
burn  in  the  case  of  the  catalytic  reaction  deactivation  occurred  rapidly. 

The  effect  o'  two  alumina  carrier  materials  on  the  thermal  reaction  of  MCH 
was  tested  in  comparison  to  the  usual  quartz  chips  used  in  the  small-scale 
reactor  to  fill  the  catalyst  space.  Both  increased  the  rate  by  about  50  to 
lOOjL  Although  this  is  probably  not  tremendously  important,  it  does  suggest 
a  possibility  for  improving  catalysts  supports  by  decreasing  their  acidity. 

Our  standard  laboratory  catalyst  (1$  Pt/AlgOa)  and  the  UOP  R-8 
catalyst  have  been  compared  for  their-  efficacy  in  the  dehydrogenation  of 
Decalin  (EHN).  The  two  catalysts  are  equivalent  at  high  (30  atm)  pressures, 
but  the  R-8  catalyst  is  less  active  and  shows  a  tendency  mo  deactivate  at 
low  pressures  ( somewhat  at  20  atm  but  markedly  at  10  atm).  This  probably 
can  be  ascribed  to  the  presence  of  acidic  sites  in  the  R-8  catalyst  due  to 
the  presence  of  chloride  in  the  formulation.  The  dehydrogenation  of  di cyclo¬ 
hexyl  (DCH)  also  proceeds  in  two  steps;  first,  to  phenylcyclohexan '  and  then 
to  diphenyl.  The  first  order  rate  constants  and  energies  of  activation  for 
both  steps  have  been  determined  using  the  method  of  Wheeler.  The  initial 
reaction  is  faster  at  low  temperature  but  slower  at  high  temperature  than 
the  second  reaction,  the  apparent  energies  of  activation  being  8  and  hj> 
kcal/mole.  The  addition  of  an  equal  volume  of  DCH  to  DHN  resulted  in  some 
modification  of  the  rates  of  reaction  of  each  component,  but  the  effects  were 
not  large.  The  presence  of  the  DCH  reduced  the  tendency  of  EHN  to  deactivate 
the  catalyst.  Stability  tests  with  both  the  lab  and  the  UOP  catalystc  have 
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been  done  In  the  laboratory  reactor  over  a  10-hour  processing  period.  Both 
catalysts  declined  at  a  rate  of  about  0.5$  conversion  per  hour  after  an 
initial  drop  of  about  2f>  in  the  first  hour.  The  presence  of  a  phenolic 
antioxidant  reduced  both  the  activity  f-nd  the  catalyst  stability  to  some 
extent.  M3h  was  used  as  the  test  fluid  in  the  tests. 

Comparison  of  remits  with  both  DC-H  and  DHN  over  Ft/Al^Oa  catalysts 
suggests  tii at  stability  is  related  to  the  pore  size  of  the  catalyst. 

Stability  increases  as  pore  size  decreases,  due  it  is  thought,  to  the 
increasing  surface  to  volume  rot. , o,  which  results  in  an  increasing  H2  partial 
pressure  ir  the  pores.  As  the  pores  decrease  in  size,  however,  a  point  will 
be  reached  where  the  rate  will  be  diffusion  rather  than  surface  limited  and 
further  decrease  in  pore  size  will  result  in  decreased  stability. 

Analysis  of  results  with  decalin  over  Pt/AlgOg  indicates  that 
while  cis  isomer  dehydrogenates  only  moderately  faster  than  trans,  its  rate 
of  isomerization  is  almost  an  order  of  magnitude  faster  than  the  trans. 

Attempts  to  achieve  catalysis  of  the  thermal  reaction  of  propane 
(hopefully  to  CH4  and  C2II4)  by  the  introduction  of  free  radical  sources 
(e.g»,Me  I,  allylohlorlde,  hydrogen)  failed  to  achieve  its  goal  (at  1295°?? 

1  atm,  IHSV  of  25).  Li  ttle  additional  conversion, except  to  coke,  was  observed. 
However,  some  additional  experiments  will  be  done  on  this  system  with  other 
free  radical  sources  in  the  future. 


Further  work  on  the  catalytic  cracking  of  propane  in  an  attempt  to 
achieve  the  reaction  to  ethylene  and  methane  using  &  hydrocracking  catalyst 
and  several  modified  zeolite  catalysts  was  unsuccessful;  little  reaction 
occurred  at  a  block  temperature  of  1022°F,  atmospheric  pressure,  and  a  LHSV  of 
20.  Apparently,  the  propane  reacts  almost  instantaneously  to  form  coke  which 
precludes  catalysis  of  the  reaction  of  interest.  Dehydrogenation  of  methyl 
Decalin  over  the  laboratory  catalyst  was  also  tested.  It  reacts  at  about  the 
same  rate  a3  Decelin  hut  has  a  somewhat  more  adverse  effect  on  catalyst 
stability.  Previously,  we  indicated  that  the  Decalin/R-8  catalyst 
combination  had  somewhat  less  stability  than  the  Decalin/standard  laboratory 
catalyst  combination.  This  was  previously  attributed  to  the  presence  of 
halogen  in  the  R-8  catalyst.  However,  catalyst  prepared  on  the  R-8  base  in 
the  absence  of  halogen  also  is  somewhat  less  stable  indicating  that  this  is 
probably,  in  part  at  least,  a  specific  effect  of  the  base  used.  Similarly, 

cii^f ui' ug cua uiu: i  ul  lAyn  Gv fcp  it— w  vjcujojl^ou  d-iiCix^tr  ucu  uiia.  o  uuxS  G6,  ueu.,y  t>  u j  timer 

laboratory  conditions,  shows  less  stability  with  this  feed  also.  However, 
catalyst  stability  is  generally  improved  by  operation  at  higher  pressures. 


Recheck  of  previous  runs  using  very  pure  ethylcyclohexane  has 
brought  the  results  of  previous  work  into  line  with  those  obtained  with 
ot:ier  naphthenes,  indicating  that  for  this  naphthene  impurities  in  the  feed 
were  effecting  our  results. 


The  catalyst  development  program  designed  to  produce  conventional 
type  catalysts  of  superior  activity  and  thermal  indifference  has  been 
continued.  A  total  of  about  220  dehydrogenative  catalysts  have  been  made, 
and  have  beer,  tested  in  the  microscale  catalyst  test  reactor  ( KICTR)  using 
MCH  ao  a  test  fluid.  Most  of  the  catalysts  are  inferior  to  our  standard 
laboratory  catalyst  or  the  R-8  catalyst,  but  about  a  dozen  have  been  found 
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which  are  cf  superior  aotivi  t.y.  These  have  been  tested  further  in  the  small 
re  ale  reactor  setup  and  theor  activity  generally  confirmed.  The  best  catalyst 
increased  the  specific  reaction  rate  by  about  ?0$i. 

Some  success  has  been  achieved  in  placing  an  active  catalyst  on  a 
low  pressure  drop  fused  alumina  shape  after  initially  affixing  a  highly 
active  alumina  on  the  surface. 

Attempts  have  also  been  made  to  develop  disperse  or  vapor  phase 
catalysts  by  utilizing  met alio -organics.  Some  activity  has  been  noted  with 
a  n  imber  of  compounds  in  screening  tests. 

Modifications  to  the  fuel  system  simulation  test  ,  ng  (FSSTK)  were 
made  and  a  3/4-in.  by  ] 0-f t  section  p ached  with  R-8  catalyst  was  installed. 
Smooth  operation  with  the  modified  equipment  ensued  and  95%  conversion  at 
80  LUSV  was  obtained.  The  observed  temperature  profiles,  conversions,  and 
pressure  drops  were  well  represented  by  our  packed  bed  reactor  computer 
program. 


Study  of  the  thermal  cracking  of  an  advanced  state-of-the-art 
paraffinic  jet  fuel  (F-71)  begun  under  the  previous  contract  was  completed. 
Studies  indicate  a  maximum  endothermic  heat  sink  of  about  300  Btu/lb  and 
maximum  allowable  fluid  temperature  of  operation  of  about  1200°F.  The 
results  observed  are  not  very  sensitive  to  operating  conditions  except 
temperature.  The  upper  temperature  limitation  occurred  because  of  coking 
which  caused  plugging  of  the  pressure  control  valve. 

The  catslytic  dehydrogenation  of  propane  using  i  K- promo ted  Cr203- 
A120s  catalyst  was  examined  in  the  FSSTR  using  a  10'  x  3/0"  diain  bed.  Two 
series  of  tests  have  been  made  at  a  feed  rate  of  10  lb/hr  (LHEV  =  75/-  In 
the  first  series,  bed  inlet  temperature  was  maintained  at  900* F. 

Variables  were  inlet  pressure  of  430  and  590  psig  and  catalyst  section  exit 
temperature  of  1100  and  1200°F.  Maximum  conversion  measured  was  7-7%- 
Conversion  declined  rapidly  and  after  about  5  hours  of  operation  the  catalyst 
was  almost  completely  deactivated.  Following  this  test,  10,7  g  of  carbon  was 
burned  from  the  catalyst  bed. 

For  tiie  second  test  series,  nominal  inlet  and  exit 
temperatures  of  1000°F  and  1250°F  respectively  and  an  inlet  pressure  of 
approximately  you  psig  were  maintained  for  the  entire  operating  period 
(ca  4  hours).  Propane  conversion  started  at  ca  23%  and  declined  to  ca  % 
after  25O  mir  ites  of  operation.  Pressure  drop  increased  from  about  300  to 
465  psl  during  the  first  25  minutes,  then  increased  at  5  Psi  per  hour 
through  the  rest  of  the  run  to  a  maximum  of  490  psi.  Coke  was  not  burned 
from  the  catalyst  after  this  test.  A  weight  increase  of  15  grams  due  to 
coke  deposit  wan  measured  after  dumping  the  catalyst  charge.  It  had  been 
hoped  that  more  satisfactory  results  would  be  achieved  in  the  FSSTR  because 
of  the  better  temperature  control  and  the  higher  linear  velocity  achieved  in 
this  equipment  compared  to  the  bench  scale  apparatus. 

A  two-foot  long  (by  3 /8"  diam)  high  flux  section  capable  of 
accepting  about  600,000  Btu/hr/sq  ft  has  been  constructed  and  put  into 
operation  during  the  year.  It  has  been  used  for  the  dehydrogenation  of  MCH 
on  R-3  Pt/Ala03  at  an  LHSV  of  1600  with  a  maximum  heat  sink  of  ca  360,000 
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Btu/hr/sq  ft.  Some  oatslyot  deactivation  was  noted  at  the  most  severe 
oonditions  (fluid  temperature,  oa  1100° F) .  Conversions  under  high  heat  flint 
conditions  were  generally  higher  than  predicted  by  our  mathematical  model 
indicating  a  need  to  reexamine  the  parameters  used  in  the  program. 

The  mathematical  model  of  a  packed  bed  reactor  system,  developed 
under  our  previous  contract,  has  been  modified  and  completely  rewritten  in 
order  to  economize  on  both  Inman  and  machine  time.  It  has  been  used 
successfully  to  represent  the  results  obtained  in  the  FSSTR  and  to 
extrapolate  to  condition  inaccessible  to  experimentation.  It  has  indicated, 
for  instance,  that  increasing  the  thermal  conductivity  of  the  catalyst 
particles  (even  by  a  factor  of  1000)  would  have  no  beneficial  effect  on  the 
heat  sink  capabilities  of  a  reacting  system.  Also  that  supplying  the  heat 
from  one  side  only  of  a  catalyst  bed,  such  as  would  be  encountered  in  a 
regeneration  type  application,  can  be  represented  by  the  model- 

Flat  plate  configuration  shows  that  the  basic  features  of  the 
results  are  similar  to  those  obtained  with  the  axisymmetric  cylinder  model. 
It  appears  that  lie  average  flux  over  a  2*  length  is  about  0,5  to  0.7  x  10® 
Btu/hr/sq  ft .  Some  compromise  between  maximum  heat  flux  and  the  degree 
of  reaction  of  the  fuel  must  be  made.  With  the  flat  plate  configuration, 
the  dimension  of  the  layer  compared  to  the  particle  diameter  is  more  critical. 
The  region  of  dimension  which  appears  to  be  most  favorable  is  a  thickness  of 
only  2  to  4  particle  diameters.  Also,  we  can  calculate  the  relative 
advantages  of  a  series  of  adiabatic  reactors  compared  to  a  single  bed.  We 
find  that  a  five-bed  reactor  (with  intermediate  heat  absorption)  with  a 
total,  length  of  2-1/2  feet  and  a  maximum  fluid  temperature  cf  1150 °F  can 
absorb  about  8  x  l(r  Btu/hr/ 3quare  foot  cross-section  area  with  a  flow  rate 
of  120,000  lb/hr/square  foot  and  a  pressure  drop  of  400  psi,  while  a  single 
continuous  bed  under  the  same  conditions  can  take  up  somewhat  more  heat. 

ThuB  we  conclude  there  is  no  benefit  to  this  scheme  except  it  might  allow 
better  matching  with  the  radiation  flux  in  an  engine. 


Considerations  of  the  changes  that  must  be  made  in  the  mathematical 
model  to  represent  the  dehydrogenation  of  dicyclonaphthenes  such  as  Decalin 
and  DCH  are  proceeding.  Attempts  will  be  made  in  the  first  instance  to  apply 
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The  application  is  difficult  in  this  case  because  of  the  uncertainty  in  our 


knowledge  of  fluid  temperatures  in  this  configuration  of  equipment,  as  well 
as  the  complexities  of  the  kinetics. 


Work  that  has  been  done  on  the  effect  of  oxygen  on  the  thermal 
stability  of  naphthenes  has  been  brought  together  and  summarized  with 
particular  reference  to  the  pure  naphthenes,  M3H  and  decal in,  and  to  a 
highly  naphthenic  jet  fuel  (RAF  163).  All  hydrocarbons  show  improved  thermal 
stability  when  oxygen  Is  removed  at  least  down  to  1  ppm,  generally  by  about 
200°F  improvement  in  SD  coker  breakpoint.  This  effect  has  been  related  to 
the  fundamental  response  of  hydrocarbons  to  oxygen  concentration  during 
oxidation.  The  effect  varies  with  the  composition  of  the  feed, with  the 
lowest  oxygen  content  to  which  the  fuel  is  sensitive  decreasing  in  the  order; 
deoalin,  MSB,  naphthenic  jet  fuel. 


A  new  piece  of  equipment,  the  CAFSTR  (catalyst  and  fuel  system 
test  rig)  was  designed,  manufactured,  and  put  into  operation  during  the  year. 
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This  equipment,  which  is  Intended  to  provide  a  standardized  test  for  either 
fuels  or  catalysts,  consists  of  3  pi  theaters,  internally  heated  hy  rod  type 
heaters;  an  externally  heated  packed  reactor;  and  a  final  preheater  similar 
to  the  first  three;  fallowed  by  an  arifioe  plate  (to  simulate  a  fuel  nozzle) . 
Preliminary  runs  have  been  made  with  an  advanced  jet  fuel  and  with  MCH  at 
3  md  6  Ib/hr  flow  rate,  1000  psig,  temperatures  up  to  1200°F.  uith  and 
sans  Pt/AiaOa,  catalyst.  The  equipment  has  performed  according  tc  design. 

However,  the  question  of  how  to  rate  the  preheater  tubes  must  be 
resolved  since  visual  ratings  with  the  Eppi  Tuberator  are  far  less  meaningful 
than  before.  At  high  temperatures,  the  presence  of  a  blue  coloration  of  the 
tube  metal,  plus  some  shades  of  yellow  and  tan  which  may  also  be  the  metal 
itself  (Inconel  600),  make  the  Visual  evaluation  of  thermal  stability  both 
difficult  and  uncertain.  In  some  oases,  the  change  in  AT  (T  metal  surface  - 
T  fluid)  over  the  course  of  the  run  ( where  flow  end  heat  input  were  constant) 
may  give  a  more  reliable  indication  of  true  deposit  lay-down.  Not  enough 
data  has  been  accumulated  to  date  to  assess  the  usefulness  of  this  measure. 

The  possibility  of  developing  a  calorimetric  tuberator  is  being  explored. 
Calculations  indicate  that  significant  results  should  he  obtained  if 
reasonable  stability  and  accuracy  in  the  test  equipment  is  achieved. 

Tests  have  been  done  in  the  modified  small  scale  subsonic 
combustor  with  both  p  epane  and  toluene/3Kp  using  a  Rayotube  to  monitor  the 
total  radiation,  at  E.  R.  values  of  0.9-1. k  and  0.95-1.3,  respectively.  The 
results  indicate  radiation  fluxes  for  propane  for  5 000-7000  Btu/hr  and 
6000-8000  far  toluene/3H£.  The  lowest  fluxes  were  associated  with  the 
richest  mixtures  in  both  cases,  presumably  because  of  lower  flame  temperature 
arid  lower  production  rates  of  the  emitting  species  CO2  and  H^O.  There  was 
no  indication  of  radiation  from  carbon  particles  with  either  fuel. 

Shock  tube  studies  of  the  effect  of  environment  on  ignition  delay 
of  ethylene  and  etaane  were  done.  Both  compounds  show  behaviors  different 
from  those  observed  with  higher  hydrocarbons  or  with  methane.  Ignition 
delay  decreases  with  increasing  E/R  down  to  about  0.5  and  then  increases, 
tinder  otherwise  constant  conditions,  increasing  pressure,  concentration,  and 
temperature  decrease  delay  times.  Both  compounds  under  lean  conditions  give 
two  different  temperature  coefficients,  varying  with  total  reactant 
concentration  (18  koal  below  10-3  m/l  and  36  kcal  above).  Studies  of 
ignition  delays  of  dodecane.  Decal in,  and  methyl  Decal  in  have  been  extended 
to  higher  partial  pressures.  The  behavior  of  all  compounds  is  quite  similar 
to  that  of  tCH.  The  behavior  of  methane  has  been  studied  over  a  wider  range 
of  conditions.  Temperature  coefficients  were  found  to  vary  with  e/r, 
activation  energies  being  25-30  koal  in  lean  mixtures  and  45-55  in  rich. 

Under  otherwise  constant  conditions,  increasing  e/r  increases  delay  time  while 
increasing  pressure  decreases  it. 


It  ha3  been  found  that  utilization  of  the  infrared  emission  from 
COa  gives  considerably  better  definition  of  Ignition  delay  time  in  the  shock 


‘f.Vi  on  11-iH  "|  ^  17  -f  n»  a  *f  +  Vi  cry*  v_r4  a  A  >.T  p>  (  1 


i  a  hoo^  4* 


vuw  v/ 


emission.  This  is  particularly  true  in  the  region  of  very  short  igsition 
delays  where  apparently  the  superior  collimation  of  the  Infrared  system  and 
decreased  reflection  affords  sharper  reception,  CO2  emission  is  superior  to 
that  from  CO  because  of  the  higher  signal -to -noise  ratio  even  at  the  same 
species  concentration. 
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The  study  of  the  effect  cf  hydrocarbon  structure  on  ignition  delay 
bos  been  extended  to  include  a  number  of  highly  branched  paraffine  utilizing 
the  infrared  detection  technique  in  the  single  diaphragm  shook  tube.  The 
hydrocarbons  examined  were  2,2,3  trimethyl  butane,  2, 2,3,3  tetraiaethylbutane 
and  neopentane  ( tetramethyl  methane).  Normal  octane  was  included  for 
comparative  purposes.  Experiments  were  concentrated  over  a  fairly  narrow 
range  of  operating  conditions,  at  low  equivalents  ra+tos  and  pressures  of 
9,15  and  25  peia.  Because  of  the  improvement  in  detection  techniques,  the 
compounds  were  studied  over  a  wider  range  of  temperature  (ca  1100-1500°K) 
than  was  previously  possible.  The  results  Indicate  that  although  the  more 
highly  branched  paraffins  do  have  a  somewhat  longer  delay  (ca  a  factor  of  2 
In  the  mid -temperature  range)  the  effect  of  structure  is  not  very  large.  The 
effect  of  pressure  and  equivalence  ratio  was  noi  great  over  the  range  studied 
while  the  effect  of  temperature  is  reasonably  rej resented  by  an  activation 
energy  of  about  40  local  per  mole.  The  effect  o*'  oxygen  concentration 
appeared  to  be  somewhat  less  than  first  order. 

By  comparing  the  output  obtained  with  argon  and  COa  in  the  tube 
with  that  obtained  with  a  reacting  mixture  some  indication  of  the  rate  of 
combustion  in  the  mixture  could  be  estimated.  The  apparent  rate  constant 
has  a  value  of  about  103  sec-1  in  the  middle  of  the  temperature  range 
studied  and  is  relatively  insensitive  to  the  effect  of  temperature  (7  koal 
per  mole)  and  oxygen  concentration.  This  would  suggest  a  time  far  complete 
combustion  of  several  milliseconds.  However,  the  values  obtained  are  for 
low  equivalence  ratios  (0.1  and  0.2)  and  it  will  be  worthwhile  to  extend  the 
study  over  the  entire  equivalence  ratio  range  of  interest  and  to  get  similar 
data  for  the  M2H  system. 

As  part  of  our  program  to  support  work  done  by  others  in  attempts 
to  utilize  hydrocarbons  for  fueling  and  cooling  sub-  and  supersonic  combustion 
ramjets,  and  also  for  our  own  calculations,  we  have  been  attempting  to 
systematize  and  extend  the  physical  data  far  hydrocarbons  over  the 
temper ature  and  pressure  ranges  of  interest  (up  to  l600°F  and  up  to  3000 
psia).  Considerable  difficulty  was  encountered  in  reconciling  various 
existing  correlation  programs  but  concordance  was  finally  achieved,  for  the 
M3H  system  at  least.  Data  are  included  delineating  data  for  this  system 
at  0,  25,  50#  75,  and  100)6  conversion  to  toluene/3Ha. 

We  have  else  calculated  equilibrium  compositions  for  tile  Decal in/ 
tetralin  /  naphthalene/Hs  system  from  the  data  of  Allam  and  VTugter4^  at 
1°,  50,  end  60  atmospheres  as  a  function  of  temperature  over  the  range  6 00 
to  1100e,F.  A  consistent  set  of  data  was  obtained  which  indicates  that  at 
the  three  pressures  mentioned  a  95$  conversion  of  Decal  in  to  naphthalene 
would  be  possible  at  775,  925  and  1075°F  respectively. 

We  nave  attempted  to  maintain  continuing  surveillance  of  the 
literature  of  interest  in  this  area.  A  bibliography  comprising  357 
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Considerations  Affecting  Applications 

A  recent  group  of  articles  in  Astronautics  and  Aeronautics3) 
(October,  1966)  on  the  hypersonic  transport  (the  HST)  highlighted  some  of 
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the  oppor  ‘  rdtiee  and  the  problems  in  the  development  of  aircraft  designed  to 
operate  in  the  range  of  Mach  6  to  Mach  12.  It  is  proposed  that  a  hydrocarbon 
fuel  would  be  the  optimum  selection  for  a  flight  regime  up  to  about  Mach  7 
ocr  fi  with  hydrogen  becoming  necessary  at  higher  speedB.  Miller’s5  '  article 
suggests  that  the  penalty  associated  with  the  use  of  hydrocarbon  fuels  stem 
largely  from  the  losses  in  the  propulsion  system  due  to  dissociation 
phenomena  resulting  from  the  inability  of  the  carbon  dioxide  fragments  to 
recombine  sufficiently  rapidly  in  the  nozzle  to  achieve  tne  full  specific 
impulse  potential.  This  range  could  possibly  be  extended  somewhat  if  it 
turns  out  that  our  development  of  a  dispersed  "throwaway"  oat  Isyt  leads  to 
a  situation  where  we  will  also  have  a  catalyst  for  recombination  of  carbon 
dioxide  fragments  because  of  the  presence  of  metal  or  metal  oxide  particles 
in  the  exhaust. 


The  article  by  F err I50) also  endorses  the  idea  of  using  a  hydro¬ 
carbon  fuel  uu  to  about  Mach  8  (Figure  1)  U3ing  the  latent  and  sensible  heat 
capacity  of  the  fuel  for  cooling  the  aircraft,  without  however  mentioning 
the  possibility  of  using  endotl  ermio  reactions  to  give  additional  heat  sink. 
It  would  appear-  that  this  might  be  a  more  economical  way  to  oool  the  air 
required  for  cooling  the  structure  rather  than  the  use  of  expansion  turbines 
to  absorb  the  energy  of  the  air  as  proposed  by  Ferri  in  his  article.  The 
article  by  Laidlaw  and  Johnston30)  discusses  the  structural  technology 
required  far  HST'e  in  the  Mach  6  and  the  Mach  12  range,  assigning  methane  as 
a  fuel  to  the  Mach  6  aircraft  and  reconmending  hydrogen  far  Mach  12  as  a 
consequence  of  the  environments  encountered  by  such  aircraft  (Figure  2). 

Here  again,  they  have  not  given  any  consideration  to  the  possibility  of 
achieving  higher  he: it  sinks  with  endothermic  reactions.  This  lack  of 
consideration  is  probably  not  due  to  any  lack  of  knowledge  of  the 
possibilities  involved  but  simply  refleots  the  fact  that  a  great  deal  of  work 
remains  to  be  done  before  the  potential  heat  sink  available  can  be  translated 
into  meaningful  proven  concepts.  The  article  by  Simpson  and  Hursoh5®)  gives 
an  interesting  estimate  of  the  mission  profile  of  a  M-12  aircraft  (Figure  3) . 
We  have  amended  the  figure  slightly  to  also  show  how  a  Mach  7  aircraft 
would  behave. 

A  recent  paper  by  Stroud  and  Miller®^  on  the  design  of  hypersonic 
inlets  emphasizes  the  importance  of  cooling  in  obtaining  improved  inlet 
pressure  recovery.  For  instance,  they  show  that  at  Mach  8  cooling  the  inlet, 
surfaces  to  2000° F  provides  for  optimization  of  the  inlet  design  system  at 
a  fineness  ratio  between  2  and  3,  thus,  achieving  near  maximum  efficiency 
at  a  relatively  low  weight  penalty.  It  is  apparent  from  their  analysis  of 
the  problem  that  better  cooling  would  result  in  still  higher  inlet  efficiency. 


Similarly,  an  investigation  of  flow  separation  in  aerodynamic 
controls  at  hypersonic  speeds  by  Kaufman  et  al7'  reveal  the  extremely  high 
heating  rates  associated  with  moat  types  of  controls  and  suggests  that  the 
provision  of  cooling  at  critical  points  when  the  controls  are  to  be  used  may 
alleviate  the  severe  problems  associated  with  this  application. 


Another  interesting  article  involving  hypersonic  aircraft  was  by 
Peterson  et  al6,  in  which  they  presented  the  results  of  a  launch  vehicle 
mission  analysis  for  a  hypersonic  first  stage  which  accelerated  up  to  Mach  7 
before  launching  the  second  stage.  They  assumed  that  the  air  frame  and 
leading  edges  were  cooled  by  radiation  but  used  regenerative  cooling  for  the 
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Figure  2.  ENVIRONMENTS  OF  SUPERSONIC  AIRCRAFT 
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Figure  3,  TYPICAL  MISSION  PROFILES  FOR  HYPERSONIC  TRANSPORTS 
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internal  surfaces  of  the  propulsion  system.  They  assumed  that  the  engines 
were  hydrogen-fueled  subsonic  burning  turbo  ramjets.  They  made  a  parametric 
investigation  of  the  vehicle  characteristics  and  trajectory.  The  first-stage 
parameters  that  were  varied  included  wing  loading,  fusilage  slenderness  ratio,, 
wing  thickness,  and  aspect  ratio.  Their  optimum  vehicle  cruising  at  about 
Mach  6  delegated  393^  to  the  airframe  and  about  29Jt  to  the  fuel  using  liquid 
hydrogen  fuel.  For  a  launch  vehicle  of  300,010  lb  with  a  2000-nautie al  mile 
lateral  range,  about  13 » >00  lb  could  be  placed  in  orbit.  In  view  of  the 
favorable  volume  ratio  for  hydrocarbons  of  about,  one  third  that  required  for 
liquid  hydrogen  it  would  be  interesting  tc  determine  if  the  weight  of  the 
airframe  could  be  reduced  sufficiently  to  overcome  in  combination  with 
reduced  drag  the  unfavorable  weight  ratio  of  hydrocarbon  to  liquid  hydrogen 
of  2-l/c  to  1. 


It  would  appear  that  a  low-weight,  high-efficiency  catalytic  heat 
exchanger  could  be  constructed  on  the  basis  of  the  high  surface  area  heat 
exchanger  introduced  by  du  Pont. 9 '  Our  concept  would  utilize  a  multiplicity 
of  thin-walled  tubes  of  an  appropriate  metal  having,  say,  an  OD  of  0.1  inch 
and  a  wall  thickness  of  0.01  inch.  The  circulating  fluid  (e.g.,  hydrogen  or 
helium)  would  be  pumped  from,  the  primary  heat  exchange  surface  (i.e.,  the 
engine  or  leading  edge)  through  the  inside  of  the  small  tubes  to  heat 
exchange  with  the  fuel  which  would  be  circulated  on  the  outside  of  the  tubes. 
Catalysts  would  be  deposited  on  tlie  outside  of  the  tubes  in  the  bundle. 

Latent  and  sensible  heat  would  be  utilized  initially  for  cooling  the 
circulating  fluid;  but  as  the  temperature  of  the  coolant  fluid  increased, 
reaction  would  occur.  This  construction  should  provide  about  200  sq  ft  of 
heat  transfer  area  per  cubic  ft  of  shell  volume;  and  if  a  modest  heat  trans¬ 
fer  coefficient  of  only  200  .is  assumed  with  an  average  approach  of  400C‘F,  it 
may  be  calculated  that  the  2  x  10s  Biu/hr  required  to  provide  £000  Bxu/lb 
for  100, OCX)  lb/hr  fuel  flow  could  be  provided  in  12.5  cu  ft  of  volume  (in  the 
FSSTR  we  have  actually  measured  heat  transfer  coefficients  of  1200) .  This 
would  appear  to  provide  the  promise  of  a  highly  efficient  device  heving  a  low 
pressure  drop.  Its  success  as  a  reactor/heat  exchanger  will  depend  on  our 
ability  to  deposit  a  sufficiently  active  catalyst  on  the  surface  of  the  heat 
exchanger  tubes.  This  is  presently  being  investigated. 

A  recent  paper  by  Ashby  and  otone,10^ analyses  the  effect  of  volume 
addition  on  L/D^  for  configurations  suitable  for  a  cruise  type  vehicle. 

This  indicates  that  a  reduction  in  drag  loss  is  achieved  equivalent  to  about 
-;0jb  reduction  in  the  loss  in  L/b^gx  for  a  typical  hydrocarbon  fuel  compared 
to  the  volume  required  for  liquid  hydrogen  (assuming  that,  a  volume  increase 
of  92$  would  be  necessary  in  the  latter  case).  However,  it  is  realized  this 
potential  benefit  from  the  use  of  hydrocarbons  may  become  less  as  Mach 
numbers  increase  because  the  increasing  capture  area  necessary  for  the  inlet 
system  will,  shadow  a  considerable  volume  which  could  be  utilized  for  fuel 
stc  -age. 


fe  editorial  in  Space/Aeronautics  for  November  1966  by  John  B. 

^  j_o  entitled  **Thi:  Hypersonic  Era**  ad  concludes**  « .and,  if  events 

do  not  force  a  faster  pace,  ve  veil  may  see  an  operational  hypersonic 
interceptor  by  the  earl;/  lpSO'e".  This  te  accompanied  by  an  article  by  L.  K. 
Delberger1'0'/  on  "Advanced  Interceptor  Aircraft"  in  which  he  discusses  the 
possibility  of  production  of  liypersonic  aircraft..  This  article  shows  an 
illustration  (of  Figure  *0  cf  a  LH2  fueled  hypersonic  interceptor  test  bed 
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HYPESSONi  ;  IN  iLRGfPlOH  TESTBED 
fi  rxUMpalMting  presently  evolving  lerhnobgy,  a  hynenon'c- 
cruise  interceptor-testbed  configurtilcn  may  be  postulated, 
end  count  be  constructed  end  tested  by  the  /ate  797ft! 
Nomine!  cruise  speed  at  leo/XK  It  would  be  Mac*  72,  aT 
though  actual  Intercept  would  depend  on  long-  range  mtn- 
euveiebie  eit-to-vir  missiles.  To  provide  firepower  within 
nmosiron*.  me  atrc.ran,  mull  nr 
st#©/  with  *  nek©/  alloy  skin,  wot rid  he  stressed  for  dose-in 
maneuverability  irt  the  supersonic  regi.ne  and  outfitted  with 
Cannon  firing  high-speed  projectiles  Target  identification 
might  be  augmented  try  a  laser  Urget  delineator  it  high  al¬ 
titudes  or  in  clear  weather.  Forward  vision  for  the  pilot,  with 
droop-nose  up  in  hypersonic  forward  flight,  is  afforded  tty 
a  fv  camera  system.  Two  engine*,  each  capable  of  dual- 
mode  operation,  are  aboard  a  tw  6c  ramjet  for  flight  Mach 
numbers  from  zero  lo  abov  Mich  b.  equipped  wit*  a  shu l- 
ter  to  dose  off  its  Inlet  above  Mach  3,  and  a  convertible 
sob  to- supersonic  combustion  ramjet  (scram jet)  operating 
fixun  Mach  3  to  T2+.  Redundant  capability  of  one  of  the 
engine*  In  the  Mach  *  to  6  range  would  be  abrogated  in 
an  operation*:  twior/,  Liquid  hydrogen  fuel,  used  with  bod 
engines,  could  provide  regenerative  cooling,  of  the  scramjets 

C&Tnrww>r.  -  triiCtiMiig*  much  prehears  we  —CZS  r 

fud  (o •'  mu,  re  efficient  burning.  The  fuel  might  alto  be  cir¬ 
culated  to  cool  the  wing  leading-edges  and  nose  surlrce 
which  may  reach  1000-2400  f  As  an  alternate,  at  ablative 
coating  might  be  used  The  ow-denstty  of  Umjfd  hydrogen 
militates  for  a  large  aircraft  weighing  at  least  200000  tb  wfd> 
a  length  of  ever  TOO  ft.  Use  of  integrated  microwave  dreuft 
modules  could  permit  design  of  a  conformal  array-radar 
wrapped  around  the  note  for  target  search- ^pd-  track  and 
missile  guidance.  A  speed-brake  for  deceleration  h  required, 
due  to  the  aircrafts  low-drag  configuration 


Figure  4.  HYPERSONIC  INTERCE  PTER  TESTBED 
Coorteiy  jpcce ■■Aeronautici  Magazine 
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w  c;i  would  operate  in  the  range  of  Mach  ?  to  12+ ,  i  +  ±s  deacr:’  jed  as  & 

_ftTE“  aircraft  weighing  at  least  200,000  pounds  with  a  length  of  over  one 
hi.tn.-ro>i  feet  in  which  leading  edg  s  and  nose  surfaces  may  reach  l800~2l00 “F. 

It  i  tated  that,  "there  is  intense  effort  to  develop  a  .more  manageable  fuel 
vJ  th  ,.^gher  density  to  permit  reducing  storage  tank  volume  and  thus  aircraft 
sine  ant  to  avoid  the  temperature  problems  of  raising  -423"F  fuel  to 
coirbus  Ion  tempera  hire  in  the  supersonic  combustor.  Ideally  a  fuel  as  easy 
to  handle  as  J]'--4  is  sought,  but  hydrocarbons  because  of  lev  flame  speed, 
kinetic  energy,  and  storage  temperature  limitations,  are  presently 

nrtfti  4-4 

'.fci  AV*.  U  LU.  -  L-X  vr  • 

A  i-aper  presented  at  the  A1AA  Third  Annual  Meeting  (December  1966) 
hy  A.  discusses  acranial  propulsion  technology.  In  this  Ferri 

reviews  the  present  status  and  some  of  the  important  considerations  on  the 
use  of  supersonic  combustion  breathing  engines  as  propulsion  systems  for 
hypertonic  vehicles.  The  author  concludes  that  good  progress  is  being  made 
toward  solutions  of  the  many  problems  that  exist  but  that  considerable  work 
remains  to  be  done. 

In  a  study  issued  by  the  Rani  Corporation  last  year,  I.  F. 
Kirkwood14'  comments  on  future  air  transportation  systems,  The  author 
considers  that  in  the  future  ranges  up  to  9000  nautical  miles  nor  op  will  be 
a  desirable  feature  and  that  under  these  circumstances  an  airci r  .pable 
of  cruising  at  Mach  8  is  not  out  of  the  question. 

Recent  studies3^  have  emphasized  the  desirability  of  achieving 
higher  heat  sink  capability  in  hydrocarbon  fuels.  Under  otherwise  equivalent 
conditions  it  appears  that  in  a  system  utilizing  endothermic  cooling  with 
MCH,  the  maximum  sustained  speed  achievable  wo'u  .  only  be  about  2/3  of  that 
possible  with  liquid  hydrogen  at  a  heat  sink  equivalent  ratio  of  one. 

Matching  LHa  would  involve  achieving  reaction  heat  sinks  above  about  li00 
Btu/lb.  On  paper  there  are  a  number  of  ways  that  this  could  be  achieved  with 
hydrocarbon  rueis.  Preliminary  calculations  indicate  that  a  number  of 
polycyclic  structures  should  fall  in  this  category  if  maximum  dehydrogenation 
can  be  achieved.  Other  reactions  in  this  category  include  the  clean 
catalytic  cracking  of  even- numbered  paraffins  to  eth vlene  anu  hydrogen  ( if 
ethane  production  can  be  avoided).  The  catalytic  cracking  of  butadlf  le  to 
acetylene  will  yield  about  2700  Btu/lb  (if  ethylene  and  acetylene  are  formed, 
the  value  is  about  1300) -  The  dehydrogenation  of  methyl amine  to  cyanogen 
would  yield  over  2000  Btu/lb  (with  some  loss  in  heat  of  combustion).  However, 
whether  cabal yeta  exist  which  will  give  good  selectivity  in  these  reactions 
is  a  matter  still  to  be  established. 

Two  articles15 ) 10 )  in  Industrial  Engineering  Chemistry  emphasized 
the  importance  of  a  good  understanding  of  the  behavior  of  fixed  bed  catalytic 
bed  reactors.  Both  articles  discussed  the  problem  of  building  models  for 
such  reaction  systems  and  stressed  the  value  of  the  computer  in  choosing 
optimum  operating  conditions.  It  appears  on  the  basis  of  these  articles  that 
the  mathematical  model  we  have  developed  is  more  useful  than  anything 
available  in  the  literature. 

Rubins  and  Bauer  point  out  in  a  recent  article17^  that  a  3cramjet 
may  be  required  to  utilize  several  combustion  methods  to  traverse  a  desired 
flight  path  and,  further,  that  In  thin  flight  path  envelope  regions  will 
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exist  which  produce  combustor  inlet  air  flow  conditions  in  which  the  chemical 
•■‘actions  are  j  el'5 ti vel^  slow  and  ft >r  which  ntype  .iCv-. ui‘  :i it  knowledge  of 
r-  r.’i.ion  chemistry  is  no  coos  ary  than  now  available.  They  point  out  that  in 
this  region  promixing  of  the  fuel  y  shorten  the  combustor  length  and  that, 
shock-induced  combustion  may  be  necessary  or  at  least  desirable.  They 
further  state  that,  in  spite  of  the  advances  that  have  been  made  in  the  past 
few  years,  rare  research  on  mixing  and  combustion  will  be  ne-ded  before 
results  con  be  applied  with  confidence  to  rcramjot  engines. 


L abor atony  Re action  Studies 


The  bench-scale  i a ooratory  studies  of  candidate  endothermic  fuels 
and  their  catalyst  systems,  that  were  initiated  under  the  previous  contract, 
are  being  continued  under  the  pr  sent  contract.  Tests  were  conducted  in  the 
apparatus  that,  was  developed  unu.er  the  previous  contract,  and  which  was 
described  in  detail  in  ether  reports1' ^ 3 ^  and  in  the  Appendix. 

Extending  the  work  with  monocyclic  naphthenes,  1,2,4,5-tetramethyl- 
cycio hexane  (TeMCIi)  was  tested  for  catalytic  dehydrogenation  and  for  thermal 
reaction.  The  effect  of  the  alumina  catalyst-  support  on  the  thermal 
decomposition  of  MCH  was  tested  using  a  Harshaw  0104  alumina  (the  support  for 
our  standard  l*)t  Pt  on  A1203,  catalyst)  and  a  UOP  alumina  that  was  the  support 
for  the  UOP-R0  catalysts.  Extended  catalyst  life  tests  (10  hr)  for  the 
dehydrogenation  of  metliylcyclohexane  were  done  with  both  the  laboratory  and 
commercial  platinum  on  alumina  catalysts.  The  effect  of  I0N0L®R)on  catalyst 
stability  was  determined.  A  number  of  new  catalysts  were  evaluated  for  the 
dehydrogenation  of  methylcyclohexane. 

Continuing  the  work  with  dicyclic  naphthenes . the  commercial  UOP-Ro 
platforming  catalyst  was  tested  for  the  dehydrogenation  of  dicyclohexyl. 

Ra‘ 3  constants  and  activation  energies  were  calculated  for  the  dehydro¬ 
genations  of  dicyclohexyl  to  phenylcyclohexane  and  for  the  latter  to  diphenyl, 
using  data  obtained  in  earlier  work.  The  dehydrogenation  and  isomerization 
of  a is  and  trails  Deealin  isomers  were  studied  over  the  laboratory  platinum  on 
alumina  catalysts.  The  relative  rates  for  the  various  reaction  processes 
were  computed.  1-Methyl  Deealin  was  tested  with  the  platinum  on  alumina 
catalysts.  Factors  influencing  the  relative  stabilities  of  platinum  on 
alumina  catalysts  for  the  dehydrogenation  of  dicyclic  naphthenes  were  studied. 

Mixtures  of  mexhylcyclohexane  with  dicyclohexyl  and  with  Deealin 
and  of  d i nyr> lohexyl  with  Hnnfil  in  and  with  1— met.hyldenftl  in  were  tested  for 

debydr oeen&tion  and  for  thermal  reaction. 

Some  exploratory  work  was  done  on  the  thermal  and  catalytic  cracking 
of  propane. 


Procedures  for  carrying  out  the  runs  and  analyzing  the  products  for 
the  thermal  and  catalytic  experiments  and  for  computing  the  conversions, 
select! vitieG  and  first  order  rate  constants  have  been  described  in  previous 
reports.1'2'3'  In  this  respect  it  should  be  noted  that  these  reactions  were 


ur^uoeu  ns  uexi'ig  ux»b  uruex*. 


*1  it. - _1-  At- J  ~  -*  - - 1- - 1 - !  _  U-1  __  1_J - U.I  -  -1  1 - 

J-SO.  WlUlig'i  OI1J.&  JLd  IlUb  O  UJL‘J.C  UL,y  nJLXJlC  ^ 


accurate,  th&  calculated  k-values  are  useful  in  comparing  different  fuels 


MQ  Catp^ysts,  _ _ 

a)  2 , 5-Dite rt iarybutyl-4-me thylphenol . 
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Monocyclic  Ma; hthenes 


Dehydrogenation  of  1,2.4. 5-Tetr amet-Hylo.  lohexano 

1,2,1*  5-Tetr ametliyl cyclohexane  (TeMCH)  was  tested  for  catalytic 
dehydrogenation  and  for  ihernal  reaction  a'.  10  atm  pressure  and  942-1292° F. 
This  material  was  prepared  by  hydrogenation  of  the  <  orre spending  tetramethyl- 
benzene  (TeMB)  and  contained  at  least  fo  r  o'  the  six  1,2,4, 5-TeMOH  cis-trans 
speoit-s.  Identification  of  the  individual  species  was  not  node  due  to  lack 
of  GLC  reference  compounds. 

The  catalytic  dehydrogenation  was  carried  out  over  our  standard  1$ 

Pt  on  AlgOs  catalyst  at  842-1022°!'  and  LHSVa)  of  100.  Under  these  conditions, 
this  naphthene  showed  the  same  instability  that  was  observed  previously  with 
triroe thyloyclohexane* '  (IWCH),  namely,  that  catalyst  decaet.l\  ation  occurred 
during  all  of  the  runs.  This  was  shown  by  the  increase  in  catalyst  bed 
temperature  during  the  JO-minute  reaction  periods  (Table  l) ;  and.  the  magnitude 
f  the  temperature  increase  was  taken  as  a  measure  of  catalyst  deactivation. 

The  deactivation  was  small  at  842  and  932°F  (AT  -  18  to  59° F) ,  but  was  con¬ 
siderable  at  1022°F  where  increases  in  bed  temperatures  of  over  200°F  were 
observed.  This  deactivation  occurred  rather  rapidly  with  over  99$  taking 
place  during  the  first  15  minute  reaction  period  (Table  1).  Based  on  tills 
criteria  the  TeMCII  was  less  stable  than  TMCH  feeds  where  the  increase  in 
catalyst  bed  temperatures  were  90  to  l40°F  at  1022°F  (cf  Table  10) . s' 

Product  material  was  principally  TeMB  (85-90$  selectivity),  with 
possible  small  amounts  of  benzene  and  toluene.  Our  analysis  system  did 
not  differentiate  between  benzene  and  one  of  the  TeMCH  isomers.  Consequently, 
the  benzene  yield  was  taken  as  the  increase  in  this  feed  component  during 
reaction.  However,  isomerization  dining  the  run  would  also  increase  this 
feed  component.  Thus,  the  values  of  selectivities  in  Table  1  should  be 
considered  as  minimum. 

First  order  rate  constants  were  computed  at  842  and  932  °F  based  on 
total  feed  conversion.  These  are  minimum  values  due  to  catalyst  deactivation 
during  the  run.  Based  on  the  rate  constant  of  O.98  sec-1  at  842°F,  this  feed 
was  about  2.5  times  more  reactii 9  than  MCH  (k  =  0.62  sec-1).  A  minimum 
apparent  activation  energy  of  3,4  kcal/mole  was  calculated  for  the  temperature 
range  of  842-932*?. 

As  in  the  study  or  TMJK,  no  attempt  was  made  to  identify  the 
deactivating  reaction.  Presumably  deactivation  was  due  to  a  hydrocracking- 
type  reaction  that  affects  naphthenes  with  three  or  more  substituted  alkyl 
groups .  Gas  products  were  mainly  hydrogen  but  did  contain  0.1$  to  0.2$ 
methane.  The  small  amount  of  methane  produced  indicates  that  deactivation 
of  the  catalyst  requires  the  production  of  only  a  small  amount  of  dealkylated 
naphthene.  This- suggests  that  modification  of  the  catalyst  need  not  be 
profound  to  eliminate  this  effect.  Best  heat  sink  was  429  Btu/lb  (about  70$ 
of  theoretical)  which  corresponds  to  a  total  heat  sink  of  1379  Btu/lb  at 
1340°F. 


Ui  ier  the  conditions  of  thermal  reaction  (1022-1293°F,  LHSV  =>  20), 
1,2,4, 5 -TeMCH  was  the  most  reactive  of  all  the  naphthenes  tested.  With  this 

feedstock  at  1202  and  1293°F  conversions  of  93.0$  yd  72.2$.  respectively. _ 

aj  Liquid  Hourly  Space  Velocity  =  volumes  of  feed/ volume  of  catalyst/ hour. 
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_Dgj iYDftQGENATION  OF  I.J.^Tj-TETiiAMETHYI^YCLOHEXAKS 
Preasure :  10  atm 


A?m,-TR-f  '-lit 
Part  l 


React  1  on 

Run  fcahftr  8545- 

Cetalyat  Vol,  ai 

UIS» 

Teapsroturs,  *F 
Block 
Vail 

Catalyst  Sad 


Ruction  Par  loo,  aln 

Product  Analytic,  it 

Cracked*' 

Heptane 

HCH 

SUCH 

Jrl-IICH 

u,1’) 

H.W 

U,*>) 

Feed  •  Banmne1) 

Feed 

U,*> 

Feed 

F  ad  •  Toluene"' 

U,«) 

Xylene 

Xylene 

Trl-UB 

U.B' 

l,2.4,S.T««S 

Light  Gee 

1,2,4,5-TallLK 

Conversion,  i  a 

Soloctivity  For 
1,2,4,  S-TeB3,  i  a 


F,  act,  kcal/aole 

Heat  Sink,  Btu/lb 
Reaction 

Total  at  Block  lea 
Iota  at  1340‘T 


Tharael  j  Catalytic 

110  I  ill  112-1  T 112-3  10?  106  f  I  OS-1 


Ouartj  Chip* - ■>  <;  — 

-  5fl  - - - S  at - 

— _  M - >  <-  — 


-  ti  Pt  on  41,0, 


III?  I?02  1293  842 

l!Oi  1175  1244  I  T30-29 

l(t«5  1114  115?  1626-44 


—  20 - > 


5.0  1B.8  32.6 


O.GIO  0.049  [  0.177  0.312 


29  60  78 

794  892  998 

979  imn  !n?ft 


376  429 

926  1044 

•T>K  1170 


a)  C,  and  lighter  poraftlns  end  olefine, 

b)  Unidentified;  presuaed  to  be  [srtially  dehydrogenated  naphthenes. 

c)  Feed  •  0.95,  the  rest  taken  as  bon.ene  as  teed  isoaar  and  hamene  not  aeperablo* 

d)  Not  separable  on  our  coluon;  assute  no  toluene  foreed. 

e)  Unidentified. 


1022 

990*1013 

993-1007 

975-IGC2 

915-1000 
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were  observed  (Table  l) .  Product  material  was  liquid  and  gaseous  cracked 
material  and  alayl  aromatics.  Product  distribution  of  the  light  gas  fraction 
is  shown  in  Table  2.  Heat  sinks  due  to  reaction  were  60  Btu/lb  and  lower  due 
to  hydrogen  transfer  reactions. 

First  order  rate  constants  were  calculated  from  the  overall  feed 
conversions  based  on  the  wall  temperatures,  from  which  an  apparent  activation 
energy  of  49.0  koal/mole  was  computed.  An  Arrhenius  plot  of  the  data  did  not 
give  a  straight  line  (Figure  5)  and  the  activation  energy  value  was  based  on 
the  best  straight  line  drawn  through  the  points.  Aerially,  from  the  plot  of 
the  data  it  appears  that  the  activation  energy  decreases  with  increasing 
temperature  (or  conversion)  which  suggests  that  at  higher  temperatures 
reactions  with  lower  activation  energies  are  becoming  more  predominant. 

Based  on  a  comparison  of  first  order  rate  constants  at  1202°F,  the 
reactivity  of  1,2,4,5-TeMCH  (k  *  0.l8  sec-1)  was  greater  then  all  other 
naphthenes  tested,  (of  Table  16)3^ 

Catalyst  Stability  Tests  With  Methylcyclohexane 

Bench-scale  tests  on  the  dehydrogenation  of  methylcyclohexane  over 
both  he  laboratory  Pt  on  AlaOa  and  over  the  U0P-R8  catalysts  showed  a  loss 
in  activity  of  about  2fs  over  a  ^-ndaiute  reaction  period  (ca  l.yi/hr)  when 
the  reactor  was  operated  at  high  MCH  conversion. 2'  While  this  activity 
decline  rate  could  be  tolerable  for  our  intended  catalyst  application,  it  was 
gerroaine  to  see  if  catalyst  stability  improved  or  declined  with  further  use. 

At  the  same  time  it  was  of  interest  to  investigate  the  effect  of  a  feed 
antioxidant  (IONOL)  on  catalyst  stability  (earlier  tests  had  indicated  no 
gross  effect) . 

Three  extended  series  of  runs  were  carried  out  over  a  ten-hour 
period  at  10  a  tm  pressure,  1022°F,  and  at  LHSV  of  50-  These  tests  were  done 
with  pure  MCH  over  the  1$  Pt  on  AI2O3  catalyst  and  over  the  U0P-R8  catalyst, 
and  with  MCH  feed  containing  50  ppm  IONOL  over  the  UOP-RS  catalyst.  In  these 
experiments  the  dehydrogenations  were  interrupted  for  15  minutes  after  6  hours 
reaction  in  order  to  refill  the  liquid  feed  reservoir.  During  this  time  the 
catalyst  was  contacted  with  hydrogen  at  the  reaction  temperature .  In  these 
tests  the  change  in  MCH  conversion  was  taken  as  a  measure  of  the  change  in 
catalyst  activity.  The  data  are  tabulate  1  in  T»biep  3.  t,  and  5. 

In  all  three  tests  the  change  in  catalyst  stability  appeared  to 
follow  the  same  pattern  (see  Figure  6).  Catalyst  activity  declined  rather 
rapidly'  initially  and  then  more  slovly  and  at  a  constant  rate  after  1-2  hours 
reaction  time.  Hydrogen  treatment  enhanced  the  activity  temporarily. 

In  the  tests  conducted  with  pure  MCH  feed,  the  activity  crA 
stability  of  the  1$  Pt  on  AlaOs  catalyst  was  greater  than  the  UOP  -R8  t,  iee 
Figure  6).  Thus,  after  three  hours*  reaction  time  the  constant  activity 
decline  or  the  Pt  on  A1e03  catalyst  was  0 . 44$/hcur  compared  to  O.^dfa  per  hour 
for  the  IMP-R8  catalyst.  With  IONOL  both  activity  and  catalyst  stability 
(U0P-R8)  were  lower  than  with  the  pure  MCH  feed  (0„83#/hr).  Th\is  it  appears 
that  IONOL  In  concentrations  of  50  ppm  is  deleterious  to  both  catalyst 
activity  and  catalyst  stability. 
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TABLE  2 

THERMAL  REACTION  t ?  1 . 2 . 4 , 5 -ikrRAMETHYLC YCIOHEXANB 

Gas  Phase  Product  Distribution 

Pressure:  10  atm 
LHSV:  20 


Run  Number 

Block  Temperature,  “F 
Conversion  to  Light  Gas,  £w 
Froduct  Analysis,  $v 
Hs 
CH* 

g2h4 

C2Ha 

CgHa 

CaHe 

C*He 

f*  u. 


111 

1112 

5-0 

9-8 

73*8 

2.8 

6.1 

5-5 

0.6 

0.8 


112-1 

1202 

18.8 

11.5 

63.8 

3.5 
6.8 
7.8 

1.5 
0.2 
2,0 
0.2 


112-3 

1293 

32.6 

11.4 

61.3 

4.4 

7.0 

8.8 

1.8 

0.3 

3-4 

0.3 


C4H10 

Higher  than  C4 


l 


0.4 


0.7 


1.3 


.0 


1  /TO«y 

1/  I  N 


THERMAL  REACTION  OF 


TEMPERATURE  COEFFICIENT 


OGENATION  OF  MCH  OVER  OQP-R8  CATALYST:  LIFE  TEST 


Catalyst  hydrogen  treated  at  1022° F  for  15  minutes  before  this 
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TnKI , 


rWHVTlurYlBTJ A<rrrui  nr  Kinu  mnrn  i  cl  TV*-  r«?  at  at  awitvmi. 

— VA  w\A>j  v*ru*  X,-*  A  W  T-AT  AVLpV*3  IfAiAUHJi  , 


Fteed:  Pure  MCH  Catalyst  volume:  7  ml 

Pressure:  10  atm  Block  temperature:  1022°F 
LHSV:  50 


Run  No, 
93Vr- 

Reaction 

Time, 

hr 

Temperature, 

°F 

Product  Analysis, 

MCH 

Conv„, 

% 

Wall 

Catalyst 

Cracked 

MCH 

Benzene 

Toluene 

125-1 

0.25 

S6o 

707 

0.1 

1.4 

0.8 

97.7 

98.6 

123-2 

0.5 

055 

704 

0.1 

1.9 

0.2 

97.8 

98.2 

123-3 

1.0 

853 

698 

0.1 

3.9 

0.3 

95.1 

96.1 

123-4 

1.5 

051 

698 

0.1 

4.1 

0.3 

95.5 

95.9 

123-5 

2.0 

851 

696 

0.1 

5.2 

0.2 

94.5 

94.8 

123-6 

2.5 

849 

603 

0.1 

5.0 

0.2 

94.7 

95.0 

124-1 

3.0 

849 

693 

0.1 

6.0 

0.2 

93.7 

94,0 

124-2 

3.5 

849 

695 

0.1 

6.0 

0.2 

93.7 

94.0 

124-3 

4.0 

84? 

691 

0.1 

6.3 

0.2 

93.4 

93.7 

124-4 

4.5 

AW 

689 

0.1 

6.0 

0.2 

93.7 

94.0 

124-5 

5.0 

842 

686 

0.1 

6.9 

0.2 

92.8 

93.1 

124-6 

5.5 

847 

689 

0.1 

6.4 

0.2 

93.3 

93.6 

125-1 

6.0  , 

846 

689 

0.1 

7.3  . 

0.2 

92.4 

92.7 

125-3 

6.25aJ 

866 

711 

0.1 

3.9a) 

0.3 

95.  r 

96.1 

125-4 

6,50 

86? 

709 

0.1 

4.2 

0.3 

95.4 

95.8 

126-1 

7.0 

869 

707 

0.1 

4.4 

0.3 

95.2 

95.6 

126-2 

7.5 

867 

707 

0.1 

5.2 

0.3 

94.4 

94.8 

126-3 

8.0 

858 

702 

0.1 

6.2 

0.4 

93.3 

93.8 

126-4 

8.5 

853 

696 

0.1 

7.5 

0.2 

92.2 

92.5 

126-5 

9.0 

351 

696 

0.1 

7.9 

0.2 

91.8 

92.1 

127-1 

9.5 

84o 

68q 

0.1 

8.2 

0,2 

01.  S 

Q1  8 

127-2 

10.0 

649-j 

exsy 

0.1 

8.7 

0.2 

91.0 

91.3 

a)  Catalyst  hydrogen- tre ata <1  at  1022° F  for  15  minutes  be fore  thia  run. 


4 


♦ 


2k 


Table  5.  DEHYEFL0G2NATI ON  OF  MCH  PLUS  ,:IONOL''  OVER  U0P-R8  CATALYST:  LIFE  TEST 
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A  number  of  catalysts  that  appeared  promising  under  micro-scale 
testing  were  evaluated  in  our  bench-scale  tost  reactor.  These  catalysts 
contained  varying  amounts  of  active  materials  mounted  on  various  supports . 
The  teats  were  done  in  two  groups  with  a  test  with  the  standard  laboratory 
catalyst  done  in  each  group  for  reference.  During  the  interval  between  the 
first  and  second  series  cf  tests,  the  Meehanite  furnace  liners  warped  and 
had  'to  be  replaced.  The  new  liners  oaue  bettor  contact  with  the  reactor 
tube  than  did  their  predecessors.  Presumably  this  bett  e  me  tal-to-metal 
contact  enhanced  the  heat  conductivity  of  the  system  and  resulted  in  the 
higher  M3K  conversions  for  a  given  bT  -v  temperature  that  was  observed  in 
the  second  series  of  runs. 


The  results  of  the  tests,  the  conditions  of  each  run,  and  the 
order  in  which  the  runs  were  made  are  shown  in  Table  6.  Each  catalyst  was 
rated  as  tc  "Relative  Performance",  This  rating  was  designed  to  show  how 
thr  catalyst  wen  performing  at  the  end  of  the  test,  relative  to  the  standard 
catalyst  and  quantitatively  was  taken  as  the  ratio  of  the  first  order 
rate  constant  with  the  catalyst  (kc)  to  that  with  the  standard  catalyst  (k8) 
calculated  toon  the  MCH  conversion  of  Run  No.  7*  Baaed  on  this  criteria 
several  of  the  catalysts  tested  appeared  to  be  gHjf.  to  bett« v  than  the 
standard  catalyst.  Activation  energies  for  the  various  catalysts  ranged 
from  10  to  IT  local/ mole.  Tfr  se  values  were  calculated  from  the  first  orde. 
rate  constants  ol> lained  from  the  data  of  Runs  I  «nu  2.  Generally,  there  vjuj 
a  parrllelisir  between  the  ratio  of  the  rate  constants  and  the  ratio  of  the 
activation  energies  (Ec/E  )  indicating  that  the  better  catalysts  would  be 
even  more  superior  than  tne  standard  catalyst  at  higher  temperatures . 

However,  factors  mich  as  catalyst  stability,  eCpact  ,  ,n  side  reactions  end 
regenerahility  remain  to  be  investigated.  This  will  be  studied  in  the 
course  of  future  work. 

Thermal  Reaction  of  Methylcyclohcxane  Over  Alumina 

It  was  of  interest  to  test  the  reaction  of  MCH  over  the  aluminas 
that  were  used  as  supports  for  our  platinum  catalysts .  These  tests  were 
carried  out  in  the  same  manner  as  the  thermal  reaction  tests,  with  alumina 
substituted  for  quartz  chips  (pages  20-22,  reference  2,  for  detailed  run 
.fjFGfceduijcS/  •  Both  n tut' finttw  010 V  ulumir.u  oi;d  UOF  RG  uiuiciijA  were  xn ^ vi u 

at  10  atm  pressure,  1022-1295°F  and  at  LH5V  of  20  (20  ml  alumina;  10-20  mesh). 

Me  thylcyclohexane  reacted  readipy  over  hot  naa  to  give  cracked 

anu  dehydrogenated  products.  The  liquid  products  were  identified  by  GLG 
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Table  6  (Cento.) .  EVALUATION  OF  VARIOUS  CATALYSTS :  DEHYDROGEN/.T ION  OF  MTJH 
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analysis  as  raethyleyclofc-ucenes ,  methylcyoiohexad ienes , a)  benzene,  toluene,  and 
cracked  material  (Table  7) •  Analysis  of  the  light  gas  products  are  shown  in 
Table  6.  At  12'>5°F  (block  temperature)  extensive  reaction  occurred  with 
about  ftCfja  i  f  tn.  MOH  converted.  Uiniet  i.her'.e  reaction  conditions  iOO-’iSO'F 
temperature  differenc.es  were  observed  between  the  block  and  catalyst  bed 

+  q  wi  r  i»n  -f  1 1  Tin  o  1-fnQ  +  r  i  1  *1  1  n  i  'r>  »*o  l  o,  ■  Vr,i  rormi'  mo  +0  ovo+hnrrrM  o  hfrf(  (von 

iiitJo  i  si  v«LLi  e..- .  1  lcJci  *■  oiiiii*  ^’ii  r  xv^wr  *  sa  j.  u*  u<u  w-A  i.  i*»xv 

transfer  reactions  between  the  products.  Lower  conversions  and  heat  sinks 
were  observed  at  lower  ten  m-ratur  s.  MCI’  wan  .more  reactive  over  the  Ha rs haw- 


0104  than  over  the  UOP  support,.  .he  data  are  presented  in  Table 
also  includes  data  obtfined  prevf  ugly , z> 3'  will)  quartz  chips. 


_v 


which 


First  order  rate  constants  were  computed  from  the  conversion  of 
MCH.  Basel  on  these  values  at  1202° F  the  tctiv.ity  of  MCH  was  1.6/1. 5/1 
over  llarshaw  alumina,  UOP  alumina, and  quart-  chips.  Further,  the  yields  of 
dehydrogenated  products  and  light  gas  products  obtained  with  the  aluminas 
were  greater  than  those  obtained  with  quartz  e^ips.  This  enhanced 
reactivity  of  MOH  over  alumina  could  be  a.  diffusion  effect  reflecting  the 
greater  pore  volumes,  and  hence  .holding  time,  of  the  aluminas.  Activation 
energies  were  computed  from  the  first  order  rate  constants  and  were  14.9  and 
40. 5  kcaj./mole  for  Harshaw  and  UOP  alumina,  respectively,  comparei  to  46.1 
kcal/mole  for  the  quartz  chips.  Figure  7  is  an  Arrhenius  plot  of  t-l"*  data 
for  all  three  systems.  It  is  doubtful  that,  the  differences  in  E  values  are 
significant..  Although  it  is  evident  thax  the  aluminas  are  weak  catalysts 
for  the  cracking  reaction,  the  effect  in  the  temperature  region  of  interest 
for  catalytic  reactions  (i.e.,  below  1050° F)  is  probably  unimportant . 

Thermal  Reaction  of  Ethylcyclohexane 

The  thermal  reaction  of  ex.hylcyclohexane( ECH)  was  studied  briefly 
ui.de r  the  previous  contract.2-*  This  naphthene  appeared  to  be  considerably 
less  stable  than  the  other  monocyclic  naob.thenes  that  were  subsequently- 
tested.  The  ECH  feedstock  was  a  commercial  product,  "Pr;  itical"  grade  and 
was  passed,  over  silica  gel  prior  to  use.  Because  the  reactivity  of  this 
material  was  so  much  greater  than  that  of  the  other  monocyclic  naphthenes, 
it  was  suspected  that  impurities  present  might  be  acting  as  "initiators"  for 
the  thermal  reaction.  Consequently  a  high  purity  ECH  feedstock  was  prepared 
by  the  hydrogenation  of  ethylbenzene.  This  feed  was  tested  at  10  atm 

- — ir\nn  i  no/On  — u  t  ttoiti  _  r*  r\r\  rm J  —  x „ x^i — ,  i  ^  x  ~  A  At-  n  O 

^IClOOUi  t  }  AVCt~J.C-7i/  1  J  Vi  v  XA1  Jl— J  V  Vi  «-■>'  «  i^(V  >iU  VV4  Ml  V  VMUUi.U  WWU  i  Witi  p  * 

The  reactivity  of  this  lot  of  ECH  was  lower  than  that  of  the 
"Practical"  grade  and  was  the  same  as  that  of  MCH  under  the  above  test 
conditions.  For  example,  at  1202°F  a  first  order  rate  constant  of  0.08  sec-1 
was  observed  for  both  MCH  and.  high  purity  ECH  compared  to  0.26  sec-1  for  +he 
"Practical"  grade  ECH  ( Table  15 ) . p '  With  the  high  purity  ECK  the  reaction 
was  highly  exothermic  due  to  hydrogen  transfer  reactions  and  had  a  calculated 
ex  'thermic  heat  of  reaction  of  5f-0  Etu/lb  at  complete  conversion.  The 
product  istrihxiticn  for  the  light  gas  products  is  shown  in  Table  10.  From 
the  first  order  rat.-  constants  an  activation  energy  of  48*7  kcai/mole  was 
calculated  compare u  to  43  kcal/mcle  with  the  "Practical"  ECH.  Figure  6  is  ar. 
Arrhenius  plot  of  the  data.  Figure  9  si  vs  the  relative  reaction  rates  and 
activation  energies  for  the  thermal  reac cion  of  ve.riou  naphthenes.  This 
includes, the  data  for  nigh  purity  ECH  anu  replaces  Figure  in  a  previous 
report.3-' 

a)  See  footnote  (a.) ,  page  22  of  reference  2. 
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THERMAL.  iULACTIONQF MKTVfifLC  1'OLOHEXANE 
Pee  Phase  Product  Distribution 


Pressure :  10  atm 

LHSV:  20 

Catalyst  Volume :  20  ml 

Reaction  Time:  20  min 


Run  Number 

9277-56-2 

wmmrnmmmmm 

mm 

105 

Catalyst 

Quartz 

Chips 

Harshaw 

OlCi  Alumina 

U0P-R8  Base 
Alumina 

Block  Temperature,  *F 

129? 

mm 

1293 

1202 

1293 

Conversion  to  Light  Gas/jbw 

21.5 

30.0 

8.4 

21.8 

Product  Analysis,  £v 

Ha 

18.6 

62.7 

37.6 

65.3 

43.7 

CH* 

39-4 

21.6 

31.1 

21.4 

30.4 

"sH* 

16.0 

5.2 

9.2 

4.4 

7.5 

CaHs 

11.0 

4.8 

8.9 

4.0 

7-5 

C3He 

9-5 

2.9 

6.2 

2.5 

5.0 

CaHa 

2.1 

1.2 

2.6 

1.0 

2.2 

C4H0 

1.0 

0.2 

0.7 

0.2 

0.5 

»  sr — %-» 

2.6 

1.1 

2.4 

n  q 

2.0 

C4H1C 

0.2 

0.1 

0.4 

0.1 

0.3 

C5H10 

- 

0.1 

0.3 

0.1 

0.3 

C5Hia 

- 

- 

0.1 

0.1 

Higher  than  C5 

0.1 

0.1 

_ _ 

0.3 

°-1 

0-3 

* 
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Table  9.  THERMAL  RBA.CTION  OF  EI71YLCYCLOHEXANE 

Pressure:  10  atm  Reuction  Time:  20  min 
MS?:  20  Catalyst  Vol;  20  ml 
Catalyst :  Quartz  Chips 


Run  No.  lOiOQ- 

12 

14-1 

14-3 

Temperature,  *F 

1022 

1112 

1202 

1295 

Block 

1022 

1112 

'02 

1295 

Wall 

1013 

1101 

1180 

1247 

Catalyst  Bed 

966 

1072 

1130 

1175 

Product  Analysis,  jCw 

MCH 

uxa) 

0.2 

O.Ji 

1.3 

3.0 

0.4 

2.1 

5.0 

9.6 

ECH 

99.0 

92.0 

77.2 

42.5 

u£a) 

0.0 

0.0 

0.0 

0.4 

Benzene 

0.0 

0.3 

o.9 

4,8 

U3®7 

0.0 

0.2 

c.5 

1.0 

Toluene 

0.0 

0.0 

0.1 

1.4 

Ethylbenzene 

0.0 

0.0 

0.0 

0.4 

Heavier  Than  Ethylbenzene 

0.0 

0.0 

0.0 

0.5 

Cracked,  liquid 

C.4 

2.0 

5.o 

11.0 

Light  Gas 

0.0 

5.0 

10.0 

26.3 

BOH  Conversion,  %v 

1.0 

8.0 

22.8 

57.5 

1 if  Overall,  660  ^ 

E j  act,  taal/aole 

0.025 

0.0O1 
-  48.7  — 

u.2ft> 

- > 

aj  Unidentified . 
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Table  10.  THERMAL  REACTION  OF  ETHYLCYCLOHEXANE; 


Pressure:  10  atm 
lilSV:  20 


Run  No.  10100- 

15 

14-1 

14-3 

Block  Temperature,  °F 

1112 

1202 

1295 

ECH  Conversion,  fa 

8.0 

22.8 

57.5 

Conversion  to  Light  Gas,  fa 

5.0 

10.0 

26.3 

Gas  Product  Analysis,  fa 

12.6 

Hb 

12.6 

11.5 

CEt 

42.3 

34.6 

54.5 

CaFU 

21.1 

25.5 

21.3 

C£He 

17.5 

20.4 

19.2 

CsHe 

2.7 

5.1 

6.4 

CsHa 

1.5 

1.9 

2.2 

C*Ha 

0.5 

1.0 

1.0 

C*HS 

0.7 

1.9 

2.2 

C^Hio 

0.0 

0.0 

0.1 

r_M._ 

•'VAU  i 

n  n 

i  l 

n  * 

i  **-” 

[  n  ■*, 

■  --- 

j  |  E,  kc&l/rnole 
-o  Relative  Hate 


Relative  Rate 
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If  the  employment  of  thermal  cracking  as  a  heat  sink  reaction 
becomes  attractive,  it  will  be  worthwhile  to  investigate  in  more  detail  the 
nature  of  the  impurities  in  the  "Practical"  grade  of  ECH  that  were 
responsible  for  the  enhanced  rate  of  reaction.  However,  it  will  also  be 
necessary  to  determine  if  it  is  possible  to  simultaneously  control  the 
exothermic  H-transfer  reactions  which  reduce  or  destroy  the  endothermicity 
of  the  overall  reaction. 


Dicyclic  Naphthenes 
Dicyclohexyl 


Reaction  Rates  for  Dehydrogenation  of  Dicyclohexyl  and 
Phenylcyclohexane 


The  dehydrogenation  of  dicyclohexyl  (DCH)  to  dephenyl  (DP)  was 
shown  to  proceed  in  two  detectable  steps,  in  which  phenylcyclohexane  (PCH) 
was  an  intermediate  product.3'  In  this  earlier  work  first  order  rate 
constants  and  apparent  activation  energies  were  calculated  for  the  dehydro¬ 
genation  reaction,  based  on  the  rate  of  disappearance  of  starting  material. 

Presumably  these  values  were  for  the  first  reaction  step,  namely  DCH - > 

PCH  +  3He-  Using  the  data  of  this  earlier  work,  the  rate  constants  and 
apparent  activation  energies  now  have  been  calculated  for  the  second 

reaction  step,  PCH - DF  +  3H2,  following  the  method  of  Wheeler.18'  In 

his  treatment  of  a  system  using  a  porous  catalyst,  the  fraction  of  DCH 
converted  to  PCH(og)  in  terms  of  the  fraction  of  DCH  reacted  {cep,)  and  the 
selectivity  factor  S,  is  given  by: 


S 

S-l 


[  (  1-C*a) 


-  (l-aA)] 


(1) 


wh  ~  _  J&l  _  rate  constant  for  DCH  PCH 
k2  rate  constant  for  PCH  — DP 

This  equation  is  a  rearrangement  of  Wheeler’s  Equation  92.  By  trial  and 
error  a  value  of  S  was  obtained  that  satisfied  equation  (l)  using  values  of 
erg,  ap,  and  ki  obtained  in  previous  work.  It  was  then  possible  to  obtain  k2 
from  S. 


The  results  of  these  calculations  with  two  different  sets  of  data 
are  presented  in  Table  11.  At  low  temperature  (842-932°F)  the  dehydro¬ 
genation  of  DCH  to  PCH  was  faster  than  the  dehydrogenation  of  PCH  to  DP,  and 
the  overall  reaction  was  more  selective  for  PCH  than  DP.  At  1020°F  and 
higher  the  dehydrogenation  of  PCH  to  DP  was  faster  and  hxgn  selectivitics 
for  D?  were  obtained .  The  apparent  activation  energy  for  the  reaction 

PCH  - >  DP,  calculated  from  the  rate  constants  (k2),  was  kcal/mole 

compared  to  8  kcal/mole  for  DCH - >  FCH.  Figure  10  is  an  Arrhenius  plot 

of  the  data.  This  suggests  that  the  change  in  DP  selectivity  with 
V  .1 :  ■  nature  is  at  least  in  part,  a  kinetic  effect. 


nen 


we  study  this 

'•  .  “l  ct}  i  o  **  _|_  5_H  i  \  r* 

■  ’/st  bed 


reaction  in  the  FSSTR  where-  considerable 
velocities  and  different  temperature  profiles 
.  in  will  be  interesting  to  see  if  the 
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Table  11.  COMPARISON  OF  REACTION  RATES  FOR  DCH  - >  PCH 

AND  PCH  - >  DP 

Pressure :  10  atm 

Feed:  DCH 

1.6#  PCH 


Run  No.  9426- 

62-1 

62-3 

63 

93-1 

93-3 

94-1 

Temperature,  *F 

Block 

932 

1022 

1112 

842 

932 

1022 

Wall 

819 

963 

756 

824 

891 

aA 

0.590 

0.664 

0.761 

0.530 

O.592 

O.665 

0.220 

O.138 

0.082 

0.314 

0.216 

0.134 

S 

1.8 

0.6 

O.38 

5.0 

1.5 

0.6 

First  Order  Rate 
Constant  for,  sec'1 

kx  -  DCH - >  PCH 

o.T9 

1.01 

1.40 

0.61 

0.76 

0-97 

»  PCH - ■>  DP 

0,44 

1.44 

3.68 

0.12 

O.51 

1.62 

additional  complications  introduced  by  the  consecutive  reactions  can  be 
handled  by  our  pocked  bed  reactor  program. 

Dehydrogenation  Over  UQP-R8  Catalyst 

Good  catalyst  stability  for  the  dehydrogenation  of  dicyclohexyl 
(DCH)  was  observed  with  our  standard  laboratory  platinum  on  alumina 
catalyst.3^  For  the  dehydrogenation  of  dscalin,  moderately  good  stability 
was  observed  with  this  catalyst  and  poor  stability  with  the  U0P-R8  platinum 
catalyst.3'  Thus  it  was  of  interest  to  test  this  commercial* catalyst  for 
the  dehydrogenation  of  dicyclohexyl. 

The  tests  were  done  at  10  and  30  atm  pressure,  842~1022°F  at 
LrlSV's  of  30-100.  The  test  procedures  and  the  method  of  analyzing  the 
reaction  products  were  the  same  as  used  in  the  experiments  with  the 
laboratory  catalyst.3) 

At  10  atm  pressure, good  catalyst  stability  was  observed  at  842°F. 

At  higher  temperatures,  however,  catalyst  bed  temperatures  increased  during 
the  run,  signifying  catalyst  deactivation  ( Table  12) .  At  1022°F  the 
deactivation  was  considerable  and  the  DCH  conversion  at  this  temperature  was 
less  than  that  observed  at  932° F  (Table  12) .  In  these  experiments  the 
magnitude  of  the  catalyst  bed  temperature  increese  was  taken  as  a  measure  of 
catalyst  deactivation.  DCH  conversions  at  842  aru  932°F  observed  with  this 
catalyst  were  slightly  higher  than  were  observed  with  the  laboratory 
catalyst;  which  suggests  that  initially  the  commercial  catalyst  was  slightly 
more  active.  However,  selectivities  for  diphenyl  at  a  given  conversion  were 
slightly  higher  with  the  laboratory  catalyst  (Table  12;  values  obtained 
with  the  laboratory  catalyst  are  shown  in  parentheses).  These  were  abstracted 
from  Table  22  of  a  previous  report.3) 

Increasing  the  pressure  appeared  to  stabilize  the  catalyst 
(Table  ^3) .  Also,  operating  the  catalyst  at  elevated  -pressure  appeared  to 
stabilize  the  catalyst  for  operation  at  10  atm  pressure.  For  example, 
at  10  atm  pressure  and  1022° F  an  increase  in  catalyst  bed  tempers ture  of 
only  4l°F  was  observed  after  operation  at  30  atm  (842°F,  Table  13)  compared 
to  an  increase  of  108°F  after  operation  at  10  atm  (842°F,  932°F,  Table  12) . 

The  effect  of  pressure  on  conversion  and  selectivity  for  diphenyl 
».  -bout  th  —  ...  - — . _  _U- --  v ,)  -■» j  —  ij ■  cl> 

in  Table  13  where  one  values  obtained  with  the  laboratory  catalyst  are 
shown  in  parentheses.  These  values  were  abstracted  from  Table  25  of  a 
previous  report . 3) 

Operating  the  reactor  at  high  conversion  also  appeared  to  stabilize 
the  cats. lyst.  Thus  at  83 - 9v»  and  94.1$  conversion  increases  in  catalyst 
temperatures  of  only  26°F  and  l6°F,'  respectively,  were  observed  (Table  14) 
compared  to  a  temperature  increase  of  108°F  at  60-65%  conversion 
(Table  12;  10  atm  pressure;  1022° F) .  The  complete  data  for  the  runs  a  high 
conversion  are  shown  in  Table  14,  which  also  shows  the  effect  of  space 
velocity  on  conversion  and  the  effect  of  conversion  on  selectivity.  The  data 
obtained  with  the  laboratory  catalyst  are  shown  in  parentheses  for  comparison, 
and  were  abstracted  from  Table  24  of  a  previous  report.3) 
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Table  12.  DEHYDRGGENATI  ON  OF  DICYC7XKEXYL  OVER  UOP-RB 
CATALYST:  EFFECT  OF  TEMPERATURE 

Fressure:  10  atm  Catalyst  Volume:  7  nil 

LHSV:  100  Feed  Composition:  97.2$  DCH 

2.8)#  PCH 


Run  No.  10100- 

24-1 

24-2 

25 

Temperature,  °F 

842 

Block 

932 

1022 

Wall 

712 

815-24 

921-42 

Catalvet  Bed 

663 

671-87 

781-678 

626 

657-66 

752-860 

628-6 

658-50 

727-63 

617-2 

646-44 

707-12 

ATmax  °F,  catalyst  bed 

-5 

+16 

108 

Product  Analysis,  fa 

Cracked 

0.6 

0.6 

2.0 

DCH 

42.2 

34.2 

37.3 

Uia) 

0.0 

0.3 

3.0 

PCH 

37.9 

30.0 

16.6 

Upa) 

0.3 

0.0 

0.0 

DP 

19.0 

34.9 

41.1 

DCH  Conversion,  fa 

56.5 

64.8 

6l.6 

(52.2) 

(58.3) 

(65.4) 

Yield  PCH,  fa 

35.1 

26.7 

13.6 

Selectivity  for,  fa 

PCH 

66.2 

41.2 

22.1 

DP 

7^  7, 

(40.8) 

95.4 

SQ  £ 

(63.5) 

- 

k.  Overall,  sec-1 

0.66 

0.91 

a] Unidentified. 
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Table  13.  DEHYDROGENATION  OF  DXCYCLOHBCYL  OVER  UOP-R8  CA^-  IYST: 

EFFECT  OF  PRESSURE 


1HSV:  100  Feed  Composition :  97.2^  DCH 

Catalyst  Volume:  7  ml  2.&f>  PCH 


— - 

Run  No.  10100- 

33-1 

33-2 

54 

35 

Pressure 

10 

30 

30 

10 

Temperature,  °F 

Block 

842 

842 

1022 

1022 

Wall 

753-59 

794-92 

932-34 

934-48 

Catalyst  Bed 

648-44 

691-93 

750-52 

747-88 

637-35 

868 

736-40 

723-58 

6l(-l9 

68 2 

721 

676-96 

•OTmax,  °F,  catalyst  bed 
Product  Analysis,  fa 

617 

+2 

664 

+2 

727-25 

+4 

682-91 

4l 

Cracked,  liquid 

0.5 

1*2 

2.7 

0=8 

m 

42.8 

r  1.  U 

23.0 

27.5 

a0-) 

0.0 

0.0 

1.2 

0.3 

PCH 

38.7. 

37.8 

41.2 

19.2 

DP 

18.0 

6.6 

31.9 

52.2 

DCH  Conversion,  fa 

56.0 

44.0 

76.3 

71.7 

(52.2) 

(38.5) 

(75.3) 

(70.3) 

Yield  PCH,  fa 
Selectivity  for,  fa 

35.9 

35.0 

38.4 

16,4 

1  PCH 

i 

64.1 

79 .6 

50.4 

22.9 

LS+ 

,33.3, 

15.5 

43.0 

75.0 

(38.4) 

(16.9) 

(40,5) 

(74.2) 

k,  Overall,  kcal/moie  1 

0.680 

0.230 

0.454 

1.206 

a7  Unidentified. 
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Table  14.  DEHYDROGEHATI Oti  OF  DICYGLCHSCYL  OVER  UOP-hB  CAIALYax : 
EFFECT  OF  CONVERSION  CN  SELECTIVITY  FOR  DIPHENYL 

Pressure:  10  ata  Feed  Composition:  97*2$  DCH 

Catalyst  Volume:  7  ml  2.8#  PCH 


Run  No.  10100- 

27-1 

27-2 

ro 

? 

i-* 

28-3 

LHSV 

50 

30 

50 

30 

Temperature,  °F 

Block 

842 

842 

1022 

1022 

Wall 

774 

779 

936-38 

948-54 

Catalyst  Bed 

653 

666-82 

800-26 

882-96 

633-35 

622 

772-92 

810-26 

653 

650-48 

729-30 

763-70 

658-55 

655-53 

738-29 

781-771 

ATmax,  °F,  Catalyst  Bed 

+2 

-4 

26 

16 

Product  Analysis,  #w 

Cracked 

0.3 

0.3 

1.2 

2.0 

DCH 

22.6 

10.0 

15.6 

5-7 

Ua) 

0.0 

0.0 

O.9 

3.6 

PCH 

37.4 

27.1 

10.3 

4.9 

DP 

39-7 

62.6 

72.0 

83.8 

DCH  Conversion,  #  w 

76.7 

89.7 

83.9 

94.1 

(78.3) 

(93.2) 

(93.8) 

Yield  PCH,  $ w 

34.6 

24.3 

7.5 

2.1 

Selectivity  for,  #  w 

PCH 

45.1 

27.1 

8.9 

2.2 

DP 

53-4 

71.6 

88.3 

91.6 

(57.0) 

(79.0) 

- 

(95-4) 

k,  Overall,  sec-1 

0.61 

0.57 

0.86 

0,81 

aj  Unidentified. 


In  summary  theft  .or  the  dehydrogenation  of  DCH,  the  commercial 
TTOP-f#  catalyst  was'  less  stable  and  slightly  less  selective  for 
diphenyl  than  the  laboratory  platinum  catalyst.  Th*  effect  of  pressure 
and  space  velocity  on  conversion  <nti  on  selectivity  for  diphenyl  appeared 
to  be  the  same  with  both  catalysts.  The  commercial  catalyst  was 
stabilised  by  operating  the  reactor-  at  *»)  higher  pressures  (20  to  JO 
atm);  b)  high  conversion;  c)  30  atm  pressure  prior  to  operation  at 
10  atm  pressure.  The  effect  of  high  pressure  is  generally  favorable  for 
the  intended  une  since  It  is  anticipated  that  the  fuel  will  enter  the 
reaction  zone  at  several  hundred  pounds  pressure.  The  effect  of  pressure 
and  high  conversion  on  catalyst  stability  during  the  dehydrogenation 
of  naphthenes  is  discussed  in  detail  in  a  later  section. 


Decalin 

Reaction  Rates  and  Equilibrium  Constants  for  Dehydrogenation  of 
Decalin  and  Tetralin 


The  study  of  the  dehydrogenation  of  Decalin  (DBN)>  initiated  under 
the  previous  contract2)3)  has  been  continued.  Using  data  obtained  in  the 
previous  work,3)  data  appearing  in  the  literature,4")19)  and  data  obtained 
from  our  laboratory  experiments,  equilibrium  constants  and  first  order 

reaction  rate  constants  were  calculated  for  the  reactions  DHN - >  Tetralin 

(THN)  +  3Ha  and  THN - >  Naphthalene  (N)  +  2H2;  relative  rates  of  cis  DHN 

to  trams  DHN  and  trans  to  cis  isomerization  and  cis  and  trans  DHN 
dehydrogenation  were  determined;  and  a  series  of  experiments  to  determine 
th'  effect  of  reaction  variables  on  two  different  platinum  on  alumina 
catalysts  were  carried  out 


Under  our  test  conditions  the  dehydrogenation  of  DHN  to  naphthalene 
(N)'was  a  two-step  process  with  tetralin  ( tetrahydrenaphthalene ; THN)  as  an 
intermediate  product.  Schematically  the  reaction  can  be  represented: 


The  heat  of  reaction  to  form  THN  is  670  Btu/lb. 


Naphthalene 


Both  reactions  were  equilibrium  limited  at  high  conversions  ana  in 
the  lower  temperature  region  at  both  10  and  JO  atm  pressure.  Reaction  II 
was  faster  than  I  and  the  back  reaction  was  significant  for  II  but  not  for  I. 
Figure  11  shows  the  thermodynamic  equilibrium  constants  for  Reactions  I  (Kpi) 
and  II  (Kp2)  as  functions  of  temperature.  Kp*  was  obtained  by  extrapolating 
the  equilibrium  data  of  Allam  and  Vlugter.4)  Kpi  was  obtained  using  the  data 
of  Mivazawa  and  Pitzer13)  and  the  calculated  Kpo.  Figure  12  shows 
equilibrium  concentrations  of  DHN,  THN,  and  N  at  10  and  30  atm  pressure  as  a 
function  of  temperature  'using  the  calculated  Kpi  and  Kp2. 

Comparative  test  data  for  the  six  feedstocks  at  10  atm  pressure 
ej.d  842-1112°  F  are  recorded  in  Table  13 .  At  this  pressure  the  decalin 

reactivities  varied  with  each  feedstock.  Further,  the  reactivity  (i.e., 
conversion)  appeared  to  increase  with  increasing  fraction  of  cis  isomer  in 
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Table  3j ,  DEHYDROGENATION  OF  DECALIN:  VARIOUS  FEEDSTOCKS 


°-°  °-°  0-0  0.0  0.1 


the  feed  (Figure  15)  .  There  appeared  to  be  some  cis  to  trans  isomerization 
during  the  runs  ( cf  9^26-199-1  and  9654-6-1)  hence  the  relative  reaction 
rates  of  the  cis  and  trans  species  could  not  be  quantitative] -•  determined 
from  these  data. 

Some  catalyst  deactivation  occurred  during  the  JO  minute  runs  with 
all  six  feedstocks.  This  conclusion  is  based  on  the  observation  that  the 
temperature  of  the  catalyst  bed  increased  during  the  run  (Table  1$) .  The 
magnitude  of  the  temperature  increase  was  taken  as  a  measure  of  catalyst 
deactivation.  Curiously  enough,  poorest  catalyst  stability  wss  observed 
with  one  of  the  purest  decalin  feeds,  namely,  EK  1905  where  at  1022° F  the 
catalyst  bed  temperature  increased  64° F  during  the  run,  compared  to  an 
increase  of  4j°F  with  the  ’’Practical"  grad  EK  P1905.  (At  1112°F  the  bed 
temperature _ increased  over  300° F  with  the  EK  1905  feed.)  This  suggested 
that  trace  impurities  in  the  PI 905  were  moderating  the  catalyst  to  suppress 
the  deactivating  reactions . 

Pate  constants  and  apparent  activation  energies  were  calculated 
from  decalin  conversion.  Because  of  tho  concurrent  deactivation  during 
dehydrogenation  these  values  were  minimal.  For  the  six  deealins  tested,  the 
activation  energies  ranged  from  7.7  to  12.2  kcal/mole  (Ta'^e  15). 

Presumably  this  variation  in  Eaet  was  an  isomer  effect  as' the  feeds  with  the 
highest  and  lowest  Eac^  had  the  highest  and  lowest  concentration  of  trans 
DHN, respectively .  Indeed,  it  will  be  shown  later  that  the  apparent 
activation  energy  for  dehydrogenation  of  trans  isomer  is  greater  than  that 
for  the  cis  species.  Figure  14  is  an  Arrhenius  plot  of  the  data  for  the 
six  deealins. 

Figure  1?  shows  conversions  as  a  function  of  furnace  block 
temperature  at  10  atm  pressure .  The  slopes  of  the  curves  are  reasonably 
parallel  although  conversion  at  a  given  temperature  vary  considerably 
between  the  deealins. 

selectivity  for  naphthalene  was  high  and  increased  with  increasing 
temperature.  This  was  a  kinetic  effect  that  depended  upon  the  relative  ' 
ratio  of  Reactions  I  and  II. 


The  first  order  rate  constants  for  Reaction  I  were  calculated  from 
the  rate  of  disappearance  of  DCH  and  are  shown  in  Table  15.  The  rate 
constants  for  Reaction  II  for  F-lll  and  f-113  DHN  were  computed  following 
the  method  of  Wheeler18)  and  are  shown  in  Table  16.)  In  both  of  these 
calculations,  the  effect  of  the  back  reaction  was  neglected. 

In  a  system  using  a  porous  catalyst,  the  fraction  of  DHN  converted  to 
THN,  in  terms  of  the  fraction  of  DKN  converted,  ,  and  the  selectivity- 
factor,  Og,  S,  is  given  by:  ^ 

aB  =  s?7  [(l-aA)^-(l-aA)] 

(2) 

where  S  =  rate  constant  for  DHN - »  THN  k^ 

>  rate  constant  for  THN - >  N  '  k^ 
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First  Order  Rate  Constant,  sec 


62925 


0,4 


0.1 


Pressure  10  atm 
LHSV:  100 

□  F-lll 
O  F-113 
O  1905 

A  P-1905  Lot  A 
V  P-1905  Lot  B 
0  Shell  DHN 


1.3 


1.4 


1.5 


iOOC/T,  °K  (Wail  Temperature) 


Figure  14.  DEHYDROGENATION  OF  VARIOUS  3ECALINS 
Temperature  Coefficient 
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Tnble  16.  REACTION  RATES  AND  PQUHIRRIUM  CONCTANl'S  ¥C8 
~~~DHN  -■♦  TUN  V  ^^HD  Tf^^nrT  2HT" 

PrwwAure:  10  Atm 


i  f-.  .  1  .4  »- 

i  L»t*»  -*ijL-.ri 

j - 

F-lli 

1 

i 

r. 

— - - , 

j  Rur.  No. 

i 

199-1 

n 122^ 

200 

!  6-1 

6-3 

7 

I  T  ^perature,  *F 

\ 

1 

1 

j  Block 

|  0*2 

932 

1022 

I  b'*2 

932 

1C22 

i  \rall 

T3&-43 

815-24 

P  Q7  _  "i 

740-4 

8e?-o8 

874-80 

Ga a  Exit 

670 

712 

759 

66^. 

709 

763 

Liquid  Product  Amlyeie,  #w 

DHN 

62.7 

5?.p 

44,3 

59.4 

50.4 

43.1 

THN 

7.0 

7.4 

4.8 

11.6 

8.2 

5.1 

H 

27.5 

39.2 

50.7 

29.0 

4l.4 

51*2 

0.37  0 

0.464 

0.553 

0.402 

0>c»2 

0.565 

0.O„!k 

0.070 

0.044 

0.112 

C.  ’’3 

0.047 

s 

0.42 

Cc2C 

0.10 

0.45 

0.22 

0.12 

Product  Anrlyaia,  fan 

DKN 

22.3 

15-9 

11.3 

20.1 

14.6 

10.9 

TUN 

3.6 

2.3 

1.3 

4.1 

2.5 

1.4 

N 

10. 7 

-2.6 

13.9 

10.  Y 

12.9 

14,0 

*« 

63.6 

69.4 

73.5 

65.1 

70.0 

73.8 

r-uillibriura  Constant 

DHN  -*  THN  +  3H« 

Kp 

42 

49 

47 

55 

59 

52 

1,150 

5,800 

33,500 

950 

5,400 

38,000 

Kp/Kp 

THN  -►  N  +  2Hs» 

O.OJ7 

0.008 

0.001 

0.056 

0.018 

0.001 

Kp 

100 

264 

i«wft  1 

*1  'I 

4-kik 

'let 

c'lll 

Kp 

160 

382 

930 

I'-f 

365 

1000 

K^/Kp 

0.675 

0.692 

0.622 

0.707 

0.693 

0.544 

r  xxo  v  uixicjr  iu*t>e 

Conaxent&#  sec-1 

k.L  »  DHN  -* THN  +  3% 

0.43 

0.65 

0.88 

0.50 

0.67 

0.90 

ls  »  TKN  -*  N  +  2Hb 

1.07 

3.25 

8.30 

1.1T 

3.14 

7.50 

Corrected  First  Order 

Rate  Constants,  sec*"1 

\r 

0.46 

0.65 

0.88 

0.54 

0.68 

0.90 

ka 

3.29 

10.65 

23-3 

3.7S 

10.2 

16.5 

V?  flrtt  Ip^rtl  /«A'le^) 

Dm  -» THN  -t-  3% 

—  8.2  - 

- >■ 

< - 6.4  — — ► 

_ 

TKJK  -*  ti  +  2Ife 

< - — 

-  23.7  - 

- ». 

«—  24. 

5 - > 

- 

*7  S£.s«fl  o.s.  corree’led  rat*  >uouaiant&. 
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iir.  constant,  calculated  f  rem  the  experimental 
data  Kp.  This  was  done  for  F-1I1  and  F-1J  .’*  DHN  and  the  values  for  the 
various  K*,  and  KA  are  shown  in  Table  16.  For  Reaction  I  the  KA  values  were 
0.0 6  to  0.001  times  Kp  while  for  Reaction  II,  the  Kl  values  were  0.71  to 
0.5*1-  K  \ .  Thus  l.1  le  backward  reaction  had  1  i  tt  le  etfect  or.  the*  overall 

r-’ 

“.’te  of  Reaction  I,  but  had  an  appreciable  effect  on  the  overall  rate  of 

Reaction  II. 


The  calculated  rate  constants  were  corrected  for  the  effect  of 
the  backward  reaction  in  the  following  manner.  Near  equilibrium,-  the  rate 
of  a  first  order  reaction  ear  be  expressed  by: 


R  = 


) 


(3) 


wheie  k  is  the  first  order  rate  constant  for  the  forward  reaction  and  P  is 
the  reactant  pressure .  Thus  the  rate  constants  calculated  from  rate  of 
disappearance  of  P  (i.e,,from  R)  will  be  low  by  a  factor  of 


1 


This  correction  has  been  applied  to  our  calculated  constants  and  the 
corrected  values  are  tabulated  in  Table  16.  Apparent  activation  energies 
were  calculated  from  the  corrected  rate  constants  (Table  16)  and  Figure  15 
is  an  Arrhenius  plot  of  the  data  for  Reaction  II.  Appreciable  catalyst 
deactivation  was  observed  with  F-113  DHN  at  1022CF  ( Table  15) .  hence  with 
this  feed  the  activation  energy  was  for  the  temperature  range  842-932 ’F. 
Thus  Reaction  II  was  2. 2-3. 4  times  faster,  and  had  an  apparent  activation 
energy  2. 9-3 -7  times  greater  than  Reaction  I. 

Relative  Stabilities  of  Laboratory  Platinum  on  Alumina  and  U0P-R8 

/*»  -  ~  1 - 4-  — 

oci-Ly  a  oo 

In  a  previous  section  of  this  report  it  was  shown  that  the 
commercial  UCP-RS  platforming  catalyst  was  less  stable  than  the  laboratory 
platinum  catalyst  for  the  dehydrogenation  of  dicyclohexyl.  In  previous 
work  with  decalin,  similar  results  were  observed.3)  It  was  of  interest  now 
tc  extend  this  work  and  to  compare  relative  stabilities  of  these  two 
catalysts  for  the  dehydrogenation  of  decalin  under  a  variety  of  reaction 
conditions . 


Decalin  F-113  feedstock  was  tested  with  both  the  laboratory  and 
commercial  U0P-R8  platinum  on  alumina  catalysts  at  LIISV  of  30-100,  042-1022 °F 
at  10-J0  atm  pressure.  This  feed  was  the  most  reactive  in  previous  tests3' 

onH  Vk  a- to  AUXI  OCi  1^.  +  HUXr  a^A  M  li <4-  t  -ruiO 

■-*-*  *  ’ — *  — *  —  —  I  *  •  ,  /  — ,  1 —  .  — v*  ^***J  mil,  w.M  —  *  «  *  /*.  ..........  .  ■  .  ,  . 

Product  material  was  analyzed  by  GLC  from  which  conversions  and  selectivities 
were  calculated.  First  order  rate  constants  were  calculated  from  the  rate 
of  disappearance  of  starting  materials. 
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In  series  of  runs  on  single  charges  of  catalyst  at  10  atm  pressure, 
the  R-8  catalyst  was  considerably  less  stable  and  less  active  than  the 
laboratory  catalyst.  For  example,  an  increase  in  catalyst  bed  tempera- ture 
of  192° F  was  observed  with  the  R-8  catalyst  (Table  17) ,  compared  to  only 
60°F  with  the  laboratory  catalyst  (Table  19) .  (The  magnitude  of  the 
temperature  increase  during  reaction  was  taken  as  a  measure  of  catalyst 
deactivation.)  Further  at  932°F,  DHN  conversions  of  43.7$  and  4-9.2$  were 
obtained  with  the  R-8  and  laboratory  catalysts, respectively.  However, 
with  both  catalysts  at  10  atm  pressure,  increasing  the  conversion  reduced 
the  catalyst  deactivation  markedly.  Thus  with  the  U0P-R8  catalyst,  an 
increase  in  catalyst  bed  temperature  of  only  40°F  was  observed  at  83$  DHN 
conversion  compared  to  192°F  at  48$  conversion  (Table  17;  1022°F) .  A 
similar  effect  was  observed  with  the  laboratory  catalyst  (Table  19) • 
Increasing  the  pressure  also  decreased  catalyst  deactivation  and  with  both 
catalysts  no  deactivation  was  observed  at  30  atm  pressure!  but  at  20  atm 
slight  deactivation  (25°F)  was  noted  for  the  R-8  catalyst  (Table  18) . 

Activation  energies  were  calculated  from  the  first  order  rate 
constants.  At  10  atm  pressure  an  activation  energy  of  7-6  kcal/mole  was 
obtained  with  the  laboratory  catalyst,  compared  to  only  4.8  kcal/mole  with 
the  R-8  catalyst.  Presumably  this  low  value  with  the  R-8  catalyst  was  due 
to  the  rather  extensive  catalyst  poisoning  which  occurred  at  1022° F 
(Table  18) .  Indeed  at  3°  atm  pressure  where  no  catalyst  deactivation  was 
observed,  an  activation  energy  of  J.2  kcal/mole  was  obtained  with  the  R-8 
catalyst.  Figure  17  shows  Arrhenius  plots  of  the  data. 

Possible  reasons  for  the  variation  in  stabilities  of  the  two 
catalysts  are  discussed  in  a  later  section  (pg  77). 

Dehydrogenation  Over  1$  Platinum  on  UQP-R8  Alumina;  No  Halogen 

In  previous  work  on  the  dehydrogenation  of  Decalin  (DHN),  it 
appeared  that  the  U0P-R8  platinum  catalyst  was  considerably  lese  stable  than 
the  laboratory  platinum  on  alumina  catalyst.3)  As  this  latter  catalyst  was 
halogen-free  while  the  commercial  catalyst  contained  0.76$  halogen,  it  was 
-thought  that  the  instability  of  the  commercial  catalyst  might  be  due  to  the 
halogen.  Accordingly,  a  1$  platinum  on  U0P-R8  alumina  base  was  prepared 
under  halogen-free  conditions  and  was  tested  for  the  dehydrogenation  of 
F-113  Decalin  (74-5$  cis-DHN) ,  at  10  atm  pressure  and  at  842-1022°F.  This 
catalyst  had  about  one-half  the  weight  of  platinum  per  7  ml  volume  as  did 
the  laboratory  catalyst.  The  procedure  for  making  the  runs  and  analyzing 
the  products  was  the  same  as  the  previous  work.3) 

Under  the  above  test  conditions,  this  catalyst  was  less  active 
and  less  stable  than  the  laboratory  1$  platinum  on  alumina  catalyst.  Thus 
at  842  and  932° F  conversions  and  first  order  rate  constants  were  lower,  and 
increases  in  catalyst  bed  temperatures  were  greater  than  those  obtained  with 
the  laboratory  catalyst  (Table  20) .  Further,  at  1022° F  the  conversion  was 
less  than  was  observed  at  952° F  indicating  severe  catalyst  deactivation  at 
the  higher  temperature  (Table  20) .  This  was  not  observed  with  the 
laboratory  catalyst  (Table  28  of  a  previous  report3').  No  differences  in 
selectivities  for  naphthalene  were  observed  with  the  two  catalysts. 
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CAXALYSff  -  KI.1CT  CONV&foxC^ 

ititifti",  QJSi’  Pt  otiAl^O*  Fard;  F  ;;7i  Dacthn 

Csitlvffi  Val:  1  *1  2 5.IS  t? wrt-sJHri 

Prwaarij  10  si  a  74,5/  Uf-Ot.9 

C.4?  nis 


IK«  He,  ?S4S- 

!  ?!  -! 

171-3 

Ml 

r~ 

—"—‘“"I 

I35-: 

135-2 

13* 

UBV 

100 

100 

too 

50 

3u 

50 

30 

Tteperature,  *F 

Block 

042 

932 

1077 

842 

842 

1022 

102? 

Util 

752-4 

835 

909-38 

752 

761-65 

SC5-I4 

923-28 

i  Ctttlyct  Bad 

635-48 

683-722 

776-968 

640-49 

650-60 

770-851 

638-78 

1 

? 

617-2? 

66?-  69 

709-828 

635-39 

653-56 

746-  66 

778-97 

[ 

620-24 

566-  68 

702-  4? 

649-51 

675-82 

768 

807-10 

678*30 

67i-  ti 

722-  29 

668-21 

TOT -07 

000-795 

953-56 

1  b*d®^ 

!3 

33 

192 

9 

10 

81 

40 

Product  Afifclytl*,  >» 

trwa-flHN 

35.9 

29.8 

24.! 

42.2 

25.7 

17.1 

8-9 

vi* -OSH 

26 

26.2 

27.7 

3J9 

7.1 

13.6 

7.0 

U 

0.1 

0.1 

U 

0.4 

0.4 

4.6 

7.5 

THN 

IS.fi 

M.l 

6.5 

I4„8 

11.3 

4.2 

2.8 

Hap.thalene 

21.4 

32.8 

39.9 

38.5 

54.9 

59.8 

71 .7 

Cricked,  liquid 

0.0 

0.0 

0.1 

0.0 

0.0 

0.4 

0.5 

Yield  WM,  ?* 

16,2 

10.7 

6,5 

14.4 

10.9 

3.8 

7.1 

K4H  Cowereien,  £* 

37.8 

43.7 

48.2 

53.8 

67.0 

65.9 

83,0 

k,  eec'5 

0.46 

0.60 

0.74 

0.38 

0.33 

0.8S 

0.80 

£,  «ct,  kctl/tol* 

—  4.6- 

• 

- 

- 

- 

Salactlyj ty  for,  ?» 

?A- 

42.ii 

24.5 

13.5 

26.8 

ifi.3 

6.1 

3,4 

Htplifhaltut 

56.6 

75.3 

83,7 

72.7 

83.3 

80.5 

78.8 

Matt  Sink,  Btj/lb 

Paectlon 

312 

383 

423 

465 

598 

594 

700 

Tot*!  *t  Block  Taap 

1022 

1163 

1273 

1175 

1308 

>444 

1550 

Totti  *t  1 340*7 

1377 

1448 

ues 

1530 

1663 

1659 

1768 

sj  Utxlaui  chang*  In  cataiyit  bail  taeparatura  doriftp  th*  run». 
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T-  )B.  DElgr-HOGl^MION  OF  OhCAIJN  OVKK  UUF-Rg  CATALYST 

wfUti  of  'pressure 


Catalyst:  0.?6>  Pt  on  AlgOa 

Catalyst  Vol:  7  t#l 
LKc.'V:  100 


Feed:  F-113  Decal in 

25.1/e  trans-DHN 
74.5^  cifi-DHH 
Q«4£  THN 


Run  9645- 

174-1 

174-3 

175 

177-1 

177-3 

178 

Pressure,  atii 

10 

20 

30 

10 

20 

30 

Temperature,  *F 

Block 

Oho 

--  _  ^ 

1  coo 

Veil 

722-7 

732 

736-8 

902-12 

908-12 

912 

Catalyst  Bad 

632-44 

642-58 

653 

722-887 

867-92 

876 

622-28 

657-35 

653 

694-740 

734-45 

744-40 

629-33 

646-44 

;5& 

702-  16 

720-22 

725-23 

637-40 

655-53 

668-66 

716-  18 

725-25 

730-28 

ATwnv.  *F,  catalyst  tad6) 

12 

16 

■2 

165 

25 

-4 

Product  Analysis,  ft# 

trans-DHN 

35.1 

44.0 

54.6 

24.3 

27.4 

29.8 

cis-DHN 

26.6 

16.8 

12.4 

23.5 

20,6 

17.1 

It 

0.0 

0,1 

0.0 

1.2 

1.4 

0.6 

THN 

14.0 

24.2 

23.9 

7.1 

16.3 

25.2 

Naphthalene 

23.3 

14.1 

8.9 

43.5 

>4.0 

27.0 

Cracked,  liquid 

0.0 

0.0 

0.0 

0,0 

0.3 

0.5 

Yield  THN,  £w 

14.4 

24.3 

23.5 

6.7 

15-9 

24.6 

DHN  Conversion,  £w 

37.8 

38.6 

32.4 

51.6 

51.  *■ 

52.9 

k,  sec"1 

0.46 

0.25 

0.14 

0.81 

0.41 

0.28 

E,  act,  kcal/mole 

7.2  using 

data  at  30  atm  pressure 

Selectivity  for,  w 

38. 1 

63.O 

72.6 

46.9 

THN 

13.0 

30.7 

Naphthalene 

61.9 

36.8 

27.4 

04.7 

66.0 

51.4 

Heat  Sink,  Btu/lb 

Reaction 

317 

297 

243 

458 

430 

422 

Total  at  block  temp 

1027 

1007 

953 

1308 

1280 

1272 

Total  at  1340 *F 

1302 

1362 

1308 

1423 

1495 

1487 

temperature  during  the  runT 


a]  Maximum  change  In  oatalyst  bed 


V 


Laboiatory  1%  Ft  on  AItOj 
10  Atm  Pressure 


.  r  i  i  .  2  .  ;  rjlt;-; 


iVv  i  Jii.4  -\A.t 


Pr,ir-£2<Gijrjr^- j 


Deealin:  F-1I> 

Catalyst  Vol :  7  tti 


-SlUETUT*  mcc 

2f,r,-  tranfi-DHS 
74.  Sr,j  cie  -L'HN 

0.  -V,v  -  iiN 


Run  No.  10100 

Temper vture,  *F 

Bloc... 

Wall 

Catalyst  Bed 


Tmax^  catalyst  bed*- 

Product  Analysis,  fa 
Cracked 
trane-DHN 
c^-DHN 

THN 

ub) 

Naphthalene 
Yield  THN,  fa 
Total  DHN  Conversion,  fa 

O  *1  n  i*^  £  4 ‘  M  »  r  *  .  . 

wo^cv  a>v 

THN 

Naphthalene 
k,  overall,  sec”1 


842 

747-48 

655-66 

6J7-44 

542-43 

650-53 

(ia)03 

0.0 
30. 2s) 

35.9 

0.4 

10.8 

0.0 

27.7 


<?32 

863-42 

702~V7 

676-95 

684-89 

694-98 

I2?f3 


0.0  % 

27. la) 
31.1 
0.3 

7.5 

0.0 

34.0 


35. 9  •.  41.0 

(40.2)^  (49.2P3 


0.41  0,57  . 

(0.50PM  (0.69)c3 


1022 

934-99 

885-982 

790-970 
765-948 
770-932 
I83  , 
(40P3 


33.6  , 
(56.5T 


(0.9Q}03 


1) tr ana -DHN  concentration  in  product  higher  than  In' 
feed  due  to  cis-to  trans-i»ooerisaiion  during 
dehydrogenation, 
b)  tlnidentified, 

e)  V-luee  obtained  with  laboratory  catalyst, 
d)  Maximum  change  in  catalyst  beu  temperature  during 
the  run. 
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Both  the  laboratory  catalyst  and  the  catalyst  used  In  this  test 
were  prepared  in  the  same  manner.  Both  the  alumina  support  used  for  the 
laboratory  catalyst  (Harshaw  0104)  and  the  UQP-R8  alumina  are  high  purity 
aluminas.  While  it  is  possible  that  the  greater  instability  of  the 
platinum  on  U0P-R8  alumina  catalyst  was  due  to  lower  platinum  content,  it 
appears  more  likely  that  the  observed  differences  in  catalyst  performance 
are  due  to  physical  rather  than  chemical  properties  of  the  catalyst. 

Extended  Dehydrogenation  Test  With  Laboratory  Catalyst 

In  previous  work  on  the  dehydrogenation  of  various  Decaiin 
feedstocks,  catalyst  deactivation  was  observed  during  all  of  the  rune.3' 
These  runs  were  of  short  duration  ( 30  min)  and  it  was  of  interest  to  see 
if  the  catalyst  became  stabilized  with  continued  use.  An  extended  run  has 
now  been  carried  out  with  F-113  Decaiin  (74.55b  cis-DHN)  over  a  four-hour 
period  at  10  atm  pressure,  LH5V  of  100  and  at  1022°F  using  the  standard 
laboratory  1$  platinum  on  alumina  catalyst.  The  test  was  interrupted  for 
15  minutes  after  three  hours  to  refill  the  feed  reservoir,  during  which 
time  the  catalyst  was  hydrogen  treated  at  the  reaction  temperature .  The 
data  are  recorded  in  Table  21. 

There  appeared  to  be  no  stabilization  of  the  catalyst  during  the 
four-hour  test.  Thus,  during  this  time,  conversion  declined  from  56.1$  to 
43.2$  or  about  8$/ hour;  and  the  catalyst  bed  temperature  increased 
progressively  from  694°F  to  959° F  with  the  "cold  spot"  moving  down  the 
catalyst  bed  (Table  21) .  ffydrogen  treatment  reactivated  the  catalyst 
temporarily.  This  suggests  that  the  catalyst  might  be  stabilized  by  the 
addition  of  hydrogen  to  the  feed;  or  possibly  by  operating  the  reactor  at 
higher  conversion  which  would  increase  the  partial  pressure  of  hydrogen 
over  the  catalyst  during  the  run. 

Dehydrogenation  of  F-lll  Decaiin  Over  U0P-R8  Catalyst 

In  previous  work  it  was  observed  that  the  laboratory  1$  platinum 
on  alumina  catalyst  was  moderately  stable  with  Decaiin  F-113  (74.5$  cis) 
and  showed  good  stability  with  Decaiin  F-lll  (62.1$  cis).3-'  The  U0P-R8 
catalyst  was  considerably  less  stable  than  the  laboratory  catalyst  with 
Decaiin  F-113, 3'  and  it  was  of  interest  to  test  the  stability  of  this 
catalyst  with  Decaiin  F-lll.  The  tests  were  carried  out  at  10  atm 
pressure,  LHSV  of  100  over  the  temperature  range  cf  842-1022°F  following 
the  same  procedure  that  was  used  for  previous  tests.3) 

With  this  feedstock  lower  conversions  and  rate  constants  and 
greater  increases  in  catalyst  bed  temperatures  during  the  runs  were 
observed  with  the  U0P-R.8  catalyst  compared  to  the  laboratory  catalyst 
(Table  22;  the  values  obtained  with  the  laboratory  catalyst  are  shown  in 
parentheses  for  comparison).  At  the  highest  temperature  tested  (1022°F) 
the  increase  in  catalyst  bed  temperature  was  157°F  which  was  about  four 
times  the  temperature  increase  observed  with  the  laboratory  catalyst 
(Table  22).  Further,  c  'u  this  temperature,  DHN  conversion  was  less  than 
was  obtained  at  932°F  which  indicates  severe  catalyst  deactivation  at 
1022° F.  At  the  lower  temper a  Lures,  however,  conversions  and  catalyst  bed 
temperature*  increases  were  comparable  to  those  observed  with  the  laboratory 
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Table  8l.  DEHYDROGENATION  OF  DECALIN:  EXTENDED  CATALXST  TEST 


Prttaura:  10  lii 

LHSY:  100 

Tsaperatura:  I022*F 
Dtcalln:  F-II3 

Run  No.:  9347-iSA 


Catt!>et:  1$  H  on  Alt0* 

Catalyst  Vol:  7  #1 
Fead:  25.1?  trana-OHN 

74.5?  cis-OHN 
0.4?  Tatralln 


Total  Reaction  Tiaa,  aln 

ID 

30 

|Q 

90 

120 

150 

180*) 

■ 

210 

240 

_  ..  _ 

Taapsratura,  *F 

Catalyat  8edb' 

896 

891 

891 

892 

896 

S02 

910*^ 

892 

902 

318 

694 

711 

725 

752 

795 

858 

932 

835 

918 

959 

705 

711 

716 

723 

729 

743 

770 

72? 

756 

799 

738 

743 

745 

748 

748 

752 

759 

738 

747 

759 

STb8X, *?, catalyst  bodc) 

761 

765 

766 

ini 

770 

770 

758 

744 

756 

751 

17 

14 

27 

43 

63 

74 

-97 

73 

<3 

Product  Analysis,  ft 
trane-OHN 

| 

21.1 

2UI 

• 

«e 

• 

20.6 

ea 

20.9 

20.6 

cfa-CHH 

■ 

22.8 

25.5 

ae 

• 

m 

35.2 

« 

32.7 

36.0 

THH 

1 

5.4 

5.3 

m 

M 

m 

4.7 

5.2 

5.0 

Naphthalene 

; 

ml 

48.1 

m 

m 

m 

39.5 

1 

41.2 

38.4 

Total  DHN  Conversion,  f% 

H 

56.1 

53.2 

- 

•  ■ 

ea 

44.0 

46.2 

43,2 

a)  Catalyat  H,  traatad  ter  15  alnutaa  after  this  run 

• 

b)  Cold  spot  aoved  don  the  catalyst  bad  sit'n  increased  reivt'.or.  ;is», 

c)  tissii-xin  change  In  catalyst  bod  torporaturo  during  tho  run. 
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Table  22.  DEHYDROGENATION  OF  F-lll  DSCAJJN  OVER 
- - 


Pressure;  10  atm 

1KSV:  100 

Decalir,:  F-lll 

Catalyst  Vol:  7  ml 


Catalyst:  iy  Pt  on  AlgO& 
Feed:  37.  trane-KIK 

62,  lA  cie  Pffiv 
0.4y>  Trtralin 


Run  No.  9347- 

168 

169-I 

169-2 

Temperature,  *F 

Block 

842 

932 

1022 

Vail 

729-36 

819-30 

928-984 

689-93 

752-72 

864-972 

639-49 

704-11 

804-941 

639-44 

700-05 

776-880 

646-49 

704-68 

768-824 

f  F  |  bed 

1 

C> 

Product  Analyse®,  fa 

Cracked 

0.0 

0.0 

0.5 

trana-DHN 

4o.7ft) 

34.1 

29.4 

cis-DHN 

20.8 

22.6 

27.5 

U1^ 

0.1 

0.4 

4.1 

THN 

13.5 

7.9 

5.6 

ub) 

0.0 

0.0 

0.2 

Naphthalene 

24.9 

55.0 

32.7 

Yield  THN,  fa 

l?.i 

7.5 

5.6 

Total  DHN  Conversion.  fa 

4^.1  . 

4?.o°) 

Cae-sJP-’ 

(46. 4)* 

(55.?)“' 

Selectivity  for,  fa 

THN 

34.2 

17.4 

13.1 

Naphthalene 

65.3 

82.6 

k,  overall,  sec**1 

°‘  47- 

(0.45 r 

(S:^ 

(0.88^ 

a)  trans -DHN  concentration 

in  product  higher  t 

hian  in 

feed  due  to  trans  to  cie  isomerization  during 
a  ehyu rog  ena ti on . 

b)  Unidentified. 

c)  Conversion  low  presumably  due  to  catalyst  deactivation. 

d)  Values  obtained  with  laboratory  l'/»  Pt  on  .Als>0g 
catalyst. 
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catalyst.  Possible  reasons  for  differences  in  behavior  between  the 
UOP--R8  ana  the  laboratcry  catalyst  are  discussed  in  a  later  section  of  this 

report  (pg  77). 

Dehydrogenation  and  Isomerization  of  Deoalin  Isomers 

In  previous  work  on  the  dehydrogenation  of  Decalin  ( DHN)  the  cis 
species  appeared  more  reactive  than  the  trans.3)  This  conclusion  was  based 
on  comparison  of  overall  reaction  rates  of  different  feedstocks  that  con¬ 
tained  different  concentrations  of  the  cis  and  trans  species.  We  have  since 
prepared  two  DHN  feedstocks ,  one  with  a  high  concentration  of  the  cis 
isomer,  and  the  other  with  a  high  concentration  of  the  trans  isomer,  and 
these  fceuu  Jiave  tw-en  lolrjr u xugena Leu  over  oui-  standaru  xp  platinum  on 
a  < umir.a  catalyst.  The  dehydrogenations  were  carried  out  at  both  low  and 
moderate  conversions  in  order  to  study  rates  of  isomerization  and  rites  of 
dehydrogenation . 

The  expei  its  were  carried  out  at  662-lU25,F  and  at  10- JO  atm 
pressure.  The  catalyst  was  2  ml  of  1$  Pt  on  A1£03  that  was  diluted  with 
5  ml  of  quartz  chips.  Product  materia],  was  analyzed  by  GLC,  from  which 
conversions  and  selectivities  were  calculated.  First  order  late  constants 
'or  DHN  dehydrogenation  were  calculated  from  the  rate  of  disappearance  of 
starting  materia] .  The  cis  DHN  and  trans  DHN  feedstocks  were  prepared  by 
fractional  distillation  and  had  the  following  compositions: 


cis -DHN  trans-DHN 


$  cis-DHN  95-0 
$  trans-DHN  4.1 
$  Tetralir.  0.9 


4.9 
95-1 
o  0 


These  compositions  were  nonequilibrium  compositions  over  the 
temperature  range  of  our  study  (Figure  l6) .  Both  feedstocks  were  tested  at 
LHSV  of  200,  842-1112" F  and  at  10-}0  atm  pressure.  In  addition  the  cis-DHN 
was  tested  at  LK3V  of  400,  662-842°F,  10-jc  atm  pressure.  Hie  data  for 
the  cis  and  trans  feeds  are  tabulated  in  Table  23  and  Table  24,  respectively. 

For  dehydrogenation  the  reactivity  of  cis-DHN  was  greater  than 
that  of  trans-DHN  but  not  by  a  factor  of  two  as  was  estimated  in  the  previous 
work.3)  As  an  example  at  10  atm  pressure  and  842“F,  37. 5$  cis-DHN 
c  env s  rs  ion  vne  Observed  compared  to  29.  ly  trans-DHN’  conversion  (kefe  <*  0.935] 
k^rans  =  O.706  sec-1).  Similar  higher  cis-DHN  reactivities  were  observed 
at  higher  temperatures  and  pressures  (cf  runs  129  and  13° >  Table  23:  and 
Runs  193  rnd  194,  Table  24) .  No  Isomer  effect  on  selectivity  for 
naphthalene  was  observed  with  these  feedstocks. 

Apparent  activation  energies  for  DHN  dehydrogenation  were 
calculated  from  the  first  order  rate  constants  and  presumably  are  for  the 

reaction  DHN - >  THN.  Under  similar  reaction  conditions  Eac^  for  trans-DHN 

was  about  30$  greeter  than  Fact  -or  cis-DHN.  Further,  the  Eac^  for  eis-DKN 
were  greater  for  this  isomer  at  lower  temperatures  and  conversions  (Table  23) . 
This  change  in  Eac^  with  temperature  or  conversion  might  be  a  kinetic  effect 
(i.e.,  the  reaction  changing  kinetic  order)  or  a  heat  transfer  effect. 
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Arrhenius  plots  oi  the  data  for  cits  and  trans-DHN  at  moderate  conversion 
( LHSV  »  200)  and  for  cls-DHN  at  low  conversion  (LHSV  »  4C0)  are  shown  in 


Catalyst  deactivation  occurred  during  dehydrogenation  with  both 
feedstocks,  The  increase  in  catalyst  bed  temperature  was  taken  as  a  measure 
of  catalyst  deactivation,  and  the  maximum  temperature  increase  during  each 
run  is  recorded  in  Tables  23  and  24.  Deactivation  was  slight  at  1022® F, 10  atm 
pressure,  and  lower  temperatures  but  was  appreciable  at  1112°F  where  the 
overall  Dili,'  conversions  were  about  that  observed  at  1022“".  However,  as  in 
other  cases ,  the  effect  was  less  at  the  higher  pressure . 

Rate  constants  for  isomerization  were  calculated  using  the 
equations  set  down  by  Benson. £0)  The  3e  show  that  for  a  reversible  reaction: 


-  (kx  +  k2)t  -  2.3  log  ^  gQ 

where  kj.  and  ka  are  the  rate  constants  for  the  forward  and  backward 
reaction,  respectively, 

Aq  and  Bq  are  the  concentrations  of  cis  and  trans-DHN,  respectively, 
in  the  feed 

A  and  B  are  the  concentrations  of  cis  and  trans-DHN,  respectively, 
in  the  product 

K  is  the  equilibrium  constant  and  «=  kj./k2 

t  is  the  reaction  time  which  in  a  flow  system  is  the 

residence  time  or  Apparent  Contact  Time  (ACT)a) 

Interpretation  of  the  isomerization  rate  data  was  complicated  by 
the  fact  that  i  he  rate  of  dehydrogenation  of  cis-DHN  was  greater  than  that 
of  the  trans  species.  The  method  used  to  calculate  the  isomerization  rate 
constants  did  not  take  into  account  the  relatively  higher  rate  of 
disappearance  of  cis -f HN  during  dehydrogenation.  Thus  the  calculated 
isomerization  rate  constants  for  cis  to  trr -is  will  be  maximum  values  while 
those  for  trans  to  cis  will  be  minimum  values. 

a)  The  Apparent  Contact  Time  is"  related  to  the  LHSV  in  the  f oTTovrlng  manner : 

3600  x  273  ga  x  Mtf 


LK5V  x  TR  x  p  x  227512 


where  -  reactor  pressure  in  atmospheres 

Tr  «  reaction  temperature  in  °K 
[•V  b  molecular  weight  of  feed 
p  -  liquid  density  of  the  feed. 

(This  equation  neglects  the  volume  change  during  reaction) . 


69 


ArA?L-T;M'7-lJ.4 
Dari  I 


Vith  cie-DHN  feed  et  the  higher  space-  v-aloel  i?  , :  JvT”  =.  •>  0;  the 
rat  ’  of  eie  to  trims “ieomeriaat-i on  wes  7-10  tfot-s  gres  tri-  than  "  *■  rate  of 
trails  to  ris,  at  both  10  an,  >3  atm  pressure  ;  Vshi*,  £*••* .  Nf  clear  cut 
temper  at -.ire  effect  was  observed  which  surest*?  that  She  activation  energy 
for  isomerization  wee  very  low.  The  i.t*c»aeri*eiicij  rates  at  10  atm  pvepayre 
were  greater  than  those  at  10  atm  {662- T}£ <  which  may  hsv'c  been  beewuee 
there  was  less  dehydrogenation  at  the  higher  pres?'.u*e. 

At  the  lower  space  velocity  (IB5Y  »  £00;  Ire  rate  rf  -is  to  trana 
was  4.5  to  6  times  greater  than  the  rate  of  trana  to  eia  (Table  ?*■  -  At 
both  10  an;-5  30  atm  pressures  the  rate;?  appeared  to  decline  vith  increased 
temperature,  iosf?ibly  due  to  the  increased  rave  of  the  competing 
dehydrogeiv iticr;  reaction.  An  ni  the  higher  spare  velocity,  isoaerlaal Lor 
rates  were  greater  at  the  higher  pressure. 

Nc  overall  trana  to  cis -isonei iaatlon  was  observed  with  the  trene- 
DHN  feed.  Thus  nc  j-juntitutlve  conclusion  regarding  the  relative 
isomerisation  and  dehydrogenation  rates  were  obtained  from  these  experiments. 
-Qualitatively,  however,  it  appeared  that  the  rate  of  iecnjevicstion  of  trams 
to  c in -DHN  was  lower  than  the  rate  of  cir  to  Iran-? --isomerization  and  lower 
than  the  dehydrogenation  rates;  since  during  reaction  there  was  a  net  loss 
in  the  cis  component  of  the  feed  even  at  up  to  5C$>  DHN  conversion  (table  14) , 

'Hie  reactions  of  the  DHN  isomers  for  d  ahytirog ona t ion  and  for 
isomer iv/it ion  can  be  represented  by; 


*s  if 


where  A  *»  cis -DHN 

B  =  tr&ns -DHN 
C  b  THN 

The  relative  rates  of  the  various  reactions  can  be  obtained  by  comparing 
tltc  calculated  rate  constants.  For  convenience  those  have  beer,  collected 
on  Table  £?£_,  The  cis  isomer  was  more  reactive  -Loan  the  trans  for  both 
dehydrogenation  and  isomerization.  At  50  stub  pressure,  dehydrogenation 
was  faster  at  c?2*F  end  higher  temperatures ,  but  below  9.>S"F  ?  seaerieatic:; 
was  faster;  presumably  due  to  a  combined  effect  of  equilibrium  and  activation 
energy  on  the  dehydrogenation  reaction.  For  isomer iz at i on  the  rate  cf  cis  - 
DHN  was  five  to  ten  times  faster  than  the  rate  of  trai»s. Tor  dehydrogenation 
the  rate  of  cis  was  6 -yjfc  faster  than  tlie  rate  of  trans. 

In  summary,  during  the  dehydrogenation  of  a  mixture  of  cis  and 
trails "decslin  iscsors  at  842-lU2*F,  10  to  3C  atm  pressure,  the  cis  isomer 
will  dehydrogenate  rcore  rapidly  than  the  trans;  no  trans  to  cis -isomerisation 
will  occur;  sore  cis  to  trans  -isomerisation  will  occur;  and  the  relative 
concentration  of  th«  trans  to  cis  in  the  product  will  decrease  with  increased 
temperature  due  to  the  increase  in  rate  of  dehydrogenation  of  the  trans 
isomer  relative  to  ib.it  of  the  eio  isoioer. 


Tabj »  25.  RATE  CGI&TANTC  FOR  DEHYDROGENATION  AND 

isora*  lavnMlTr  dbgaun 

Catalyst:  14  Pt  on  MeO» 
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Summer v :  Dehydrogenation  of  Decal in 
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The  dehydrogenation  of  decalin  occurred  in  two  discernible  steps 


x  fil,o  t  rvoo*ir 

X  CgJ  Wil  VI  ‘../-re.  -X'-’LX.  .V 


the  second  step  (THN - ►  N  +  PH^)  appeared  to  he  fas  ter  by  1  to  1 . 5  orders 

of  magnitude  and  had  an  activation  energy  about  three  times  greater  than 
that  of  'the  first  step  ( DHN  —  -  >  THN  +  3Ha>*  The  cis  DHN  species  was 
slightily  ny>yo  rssictiVw  than  +>->  trsiis , 


Isomerization  of  the  cis  and  trans  species  occurred  concurrently 
with  dehydrogenation.  Compared  to  rates  of  dehydrogenation  the  rate  of 
trans -isomerization  was  lower  by  about  an  order  of  magnitude  while  that  of 
the  cis-isomerization  was  lower  by  a  factor  of  about  four.  This  suggests 
that  if  isomerization  does  play  a  role  in  the  dehydrogenation  mechanism, 
it  is  not  the  rate  determining  step. 

Selectivity  for  naphthalene  was  governed  by  equilibrium  and  was 
favored  by  high  temperature,  high  conversion,  and  low  pressure. 

The  highest  heat  sink  obtained  thus  far  with  decalin  was  1683 
Btu/lb,  of  which  858  Btu/lb  was  due  to  heat  of  reaction  (10  atm,  1Q22°F, 

UHSV  =  30).  This  corresponded  to  a  total  heat  sink  of  1905  Btu/lb  at  1340°F. 
The  adverse  effect  of  pressure  on  selectivity  for  naphthalene  at  pressures 
greater  than  10  atm  would  be  expected  to  decrease  heap,  sinks  only  slightly. 
For  example,  at  complete  DHN  conversion  a  decline  in  selectivity  for 
naphthalene  of  20$  would  lower  the  heat  of  reaction  by  only  about  7$  and  the 
total  heat  sink  by  about  U$. 

The  laboratory  platinum  on  alumina  catalyst  was  somewhat  unstable 
at  10  atm  pressure;  a  commercial  platinum  catalyst  was  even  more  unstable. 
Stability  of  both  catalysts  was  improved  at  higher  pressures  and  at  high 
conversions. 

1-Methyldecalin 

A  brief  study  of  the  dehydrogenation  of  the  1-and  2-roexhyldeca.lins 
(M?HN)  was  made  under  the  previous  contract.3'  Ucing  a  platinum  on  alumina 
catalyst  it  was  observed  that  at  10  atm  pressure  the  catalyst  was  unstable 

*.r4  K  Wa  +  V,  4*-.-.- 4  V.  4-  VN  CJiO  1  AOO  °  TT  » 

-.w  V  *  W  w*.uijyv.,»  i*  VU*.  V  X  V4.  AWt-4-  X  t  i.4iXU  HVA  A  UVM 

has  been  extended  to  higher  pressures  and  conversions  to  study  principally, 
the  effect  of  these  variables  on  catalyst  stability. 

The  feed  was  1-methyldecalin  and  contained  11.7$  trans  and  88.3$ 
cis  species.3)  This  feed  was  prepared  by  hydrogenation  of  the  corresponding 
roethylnaphthalene .  Vapor  phase  dehydrogenation  was  studied  with  our 
standard  1$  platinum  on  alumina  catalyst  at  10-30  atm  pressure,  UISV  of 
JO-100  over  the  temperature  range  of  8^2-1022°F.  Product  material  was 
analyzed  by  GLC  ■using  a  five  foot,  l/U-in.  0D  stainless  steel  column  packed 
with  5$  Carbowax  1000  on  chromosorb  w. 

al  This  is  a  nominal  value'  Actually,  there  are \  geometric  isomers  for 

each  positional  isomer  (not  counting  optical  isomers)  cis-cis,  cis -trans, 
trans -cis,  trans -trans. 
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to  1-met.hylnaphthttlene  was  a  two-step  process  with  two  roethyltetralin  isomers 
(MTHN)  as  interned late  products.  Schematically  the  reaction  can  be 
represented : 


1-roe thy lnaphthalene 


The  hear,  of  reaction  t;.  form  MTHN  is  600  Btu/lb;  and  to  form  methylnaphthalene 
is  900  Btu/lb. 


At  10  atm  pressure,  842  and  932°F  considerable  catalyst  deactivation 
was  observed  with  this  feedstock.  This  was  shewn  by  the  fact  that  the  cata¬ 
lyst  bt-i  temperature  increased  during  the  run  by  60-108®F  and  105-2O7CF  at 
932 °F.  Further,  in  these  experiments  no  increase  in  MDHN  conversion  occurred 
when  the  reaction  temperature  was  increased  from  ?'!2“F  to  932*?  (cf  Runs 
180-1  and  180-2;  and  Runs  142  and  14.3;  Table  26) , 

Increasing  the  reactor  pressure  appeared  to  stabilize  the  catalyst. 
Thus,  increases  in  catalyst  bed  temperatures  of  only  9°F  or  less  were  observed 
when  the  pressure  was  increased  to  20  and  30  atm  (842- 1022 °F;  Table  26) .  Also 
operating  the  reactor  at  elevated  pressures  (20  and  30  atm)  appeared  to 
stabilize  the  cats  yst  somewhat  for  subsequent  operation  at  10  atm  pressure. 
Tills  is  shown  by  Run  189-’,  Table  26  in  which  the  catalyst  deactivation  at 
1022°F  after  operation  at  30  and  20' ' atm,  was  less  than  that  observed  either 
at  842  or  y32°F  at  10  atm  with  fresn  catalyst  (Runs  180-1  and  l8o-2;  142-143, 
Table  26). 


The  complete  data  are  recorded  in  Table  26.  Runs  103-1  to  189-3 
were  made  on  the  same  charge  of  catalyst  in  the  order  tabulated  (left  to 
right).  Runs  180-1  aid  i42  were  made  on  fresh  catalyst.  First  order  rate 
constants  were  calculated  from  the  rate  of  disappearance  of  M)hf  and  were  for 
the  reaction  M1HN - >  MTHN. 


At  20  and  30  atm  pressure,  tlie  reaction  products  wore  mainly  1-  and 
5-MTHN  and  methylnaphtha'lene.  Selectivity  for  the  sum  of  these  products  was 
high  (9O-9 950  at  both  moderate  end  high  conversions.  As  was  observed  with 
Decalin,  selectivity  for  the  completely  dehydrogenated  product  (methy Inaphtha - 
lane)  was  favored-  by  high  temperature  and  high  conversion.  Presumably  this 
was  an  equilibrium  rather  than  a  kinetic  effect.  For  the  two  MTHN  isomers, 
the  5-MTIIN  appeared  to  be  favored  by  high  pressure  and  lower  temperature 
(cf  5-MTHN/l-MTHN  ratio,  Table  26). 

At  these  pressures,  the  reactivities  and  seleetivlties  for 
methylnaphthalene  vere  about  comparable  tc  those  observed  with  Decalin. 

Hear  sinks  were  slightly  lever  than  was  observed  with  Decalin  primarily 
due  to  the  greater  molecular  weight  of  the  M>HN. 
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atm  pressure ,  poor  catalyst  stability  was  observed  with  the  oomercial  plat¬ 
inum  on  alumina  catalyst,  while  better  catalyst  otabil4 1„  raa  observed  with 
the  laboratory  platinum  on  Harshaw  0104  alumina  catalyst.  Further,  poor 
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cial  alumina-base  catalyst,  nr-'pared  in  the  same  manner  as  the  laboratory 
catalyst.  Stability  of  ooth  catalvsts  was,  lup roved ,  however,  at  higher 
pressures  a^d  at  high  conversions .  These  results  suggested  the  following 
‘"'floLiution  as  to  why  nanb+>"-:ee  o«±n  be  dehydrogenated  without  added  hydrogen 
over  «  platinum  on  alumina  catalyst  with  good  catalyst  stability. 


For  the  dehydrogenation  of  MCn  over  our  laboratory  platinum  on 
alumina  catalyst  it  was  observed  that  good  catalyst  stability  was  obtained 
when  the  partial  pressure  of  hydrogen  in  the  exit  gas  was  about  0.75  atm; 
but  mat  the  catalyst  became  inactive  when  the  partial  pressure  was  less  than 
about  0.7  atm.  Presumably  the  hydrogen  formed  by  dehydrogenation  reacted 
with  and  removed  the  coke  precursors,  and  this  maintained  a  "clean"  catalyst 
surface.  Since  this  reaction  occurred  in  the  catalyst  pores,  the  actual 
"effective"  partial  pressure  of  hydrogen  in  the  pore  may  have  been  greater 
than  O.75  atm. 


At  a  given  overall  naphthene  conversion  the  "effective"  hydrogen 
partial  pressure  is  determined  by  the  concentration  of  hydrogen  in  the  pore. 
This  hydrogen  concentration  will  be  greater  in  smaller  pores,  sixioe  the 
surface -to~volume  ratio  is  greater  and  hence  the  fraction  of  naphthene  in  the 
pore  that  is  converted  will  be  greater.  Further,  the  transport  race  of 
hydrogen  out  of  the  pore  may  also  be  a  factor  in  maintaining  catalyst  stabil¬ 
ity,  as  for  a  given  conversion  this  rate  will  determine  the  "residence"  time 
and  hence  effective  partial  pressure  of  hydrogen  in  the  pore.  Conceivably 
then,  for  the  dehydrogenation  of  MCH  with  a  catalyst  having  a  smooth,  non- 
porous  surface  the  partial  p  assure  of  hydrogen  needed  for  maintaining  good 
catalyst  stability  may  .be  greater  than  0.75  atm.  Thus  the  pore  diameter  of 
the  catalyst  will  be  a  factor  in  maintaining  good  catalyst  stability. 


For  the  dehydrogenation  of  DHN  and  DCH  at  10  atm  pressure  good 

gB~f  Q  ly  ct~f  o  -f  Q>>-(  *1  *j  lfy  VrQo  CbuSrVSd  •*!  tih  2.SbOr2.t*C*jr  4  <  viTTirri  fin  t..*":  1 

the  ccnnercir.1  catalyst;  however,  the  following  results  were  obtained: 


a.  Poor  catalyst  stability  was  obtained  at  10  atm  pressure  at  50% 
conversion  and  lower. 


b.  Increasing  the  reactor  pressure  to  20  or  JO  atm  stabilized  the 
catalyst , 

c.  Operating  the  reactor  at  90?  conversion  stabilized  the  catalyst 
ax  10  atm  pressure. 


Most  of  the  pores  in  the  laboratory  catalyst  are  of  smaller  diameter 
than  those  of  the  comae rcial  catalyst.  For  example,  with  the  laboratory 
catalyst  72?.  of  the  pore  volume  was  in  pores  of  diameter  204  A  or  less,  while 
with  the  camnercial  catalyst  only  46?  was  in  pores  of  2J5  A  or  lees  diameter 
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(s-'e  Table  27)  .  Thus  for  the  commercial  catalyst  the  partial  pressure  of 
hydrogen  in  the  pores  '■fas  lower  than  that  in  the  laboratory  catalyst  and  the 
hydrogen  eoncentratior  i-tis  not  greater  enough  to  mainta  !n  good  catalyst 
stability.  When  the  partial  pressure  ci  hydrogen  was  enhanced  by  increasing 
the  total  reactor  pressure  or  by  operating  the  reactor  at  hign  conversion, 
good  cata  yst  stability  was  obts-'red. 
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our  laboratory  catalyst  would  be  more  stable  for  the  dehydrogenation  of  DKN. 
Also  that  the  stability  of  the  commercial  catalyst  would  be  improved  by 
reducing  the  pore  size  of  this  catalyst.  However,  it  would  be  expected  tha„ 
as  pore  size  is  continually  decreased,  a  point  will  be  reached  at  which  the 
relative  diffusion  rate  of  hydrogeD  out  of  the  pore  will  be  greater  than  that 
of  toluene  and  hence  the  "effective"  hydrogen  concentration  in  the  pore  will 
begin  to  decrease  and  catalyst  instability  will  occur. 


Dehydrogenation  of  Naphthene  Mixture 

Methylcyclohexane  (MCH),  dicyclohexyl  (DCH)  and  decalin  (DHN)  are 
readily  dehydrogenated  over  platinum  on  alumina  catalysts  to  give  heat 
sinks  of  1800+  Btu/lb.  With  dicyclic  naphthene,  however,  intermediate  deny- 
drogenation  products  are  formed,  which  can  reduce  the  heat  sink  of  reactions 
appreciably.  With  dieyclohf  yl  and  decalin  selectivity  for  the  completely 
dehydrogenated  aromatic  was  favored  by  high  temperature,  high  conversion  and 
low  pressure.  In  earlier  work  it  was  shown  that  in  a  mixture  of  naphthenes, 
the  reactivities  of  the  components  were  different  from  those  of  the  pure 
compounds. a'  Thus  it  was  of  interest  to  study  the  dehydi-ogenation  of  naph¬ 
thene  mixtures,  particularly  with  respect  to  reactivity,  selectivity  for  the 
completely  dehydrogenated  product,  and  to  catalyst  stability.  For  these 
studies  mixtures  of  MCH  with  DCH  and  with  DHN,  and  DCH  with  DHN  and  1- 
methyldecalin  were  used. 


Dicy clohexyl-Methy Icy c lohexane 

In  this  series  of  experiments  the  effect  of  added  methylcyclohexane 
(MCH)  was  studied  on  liar  reactivity  of  dicyclohexyl  (DCH)  for  catalytic 
dehydrogenation  and  fox-  uhenuai  reaction,  and  oxi  the  selectivity  of  the 
dehydrogenation  reaction  for  diphenyl  (DP).  The  feed  mixture  was  75 -5$  DCH; 
2.2jt>  phenylcyciohexane  (FCH)  and  22 . Jit  MCH . 


The  catalytic  reaction  was  studied  at  10-30  atm  pressure,  842-1022°H 
LHSV  of  30-100  using  a  if  platinum  on  alumina  catalyst.  Compared  to  I'eaction 
of  pure  DCH1'  and  MCH3^  the  DCH-MCH  feed  gave: 

1.  Enhanced  reactivity  of  the  DCH  component  but  lower  reactivity 
of  MCH  at  a  given  temperature  and  pressure. 

2.  Enhanced  selectivity  for  DP  at  a  given  conversion,  temperature 
and  pressure. 

Heat  sinks  were  slightly  lower  for  the  DCH-MCH  mixture  than  for  pure  DCH 
under  the  same  reaction  conditions. 

a) The  complete, data  for  dehydrogenation  of  pure  DCH  were  reported 
previously.  ^ 
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Table  27.  KKE  DIS5SUBUTI0K  OF  TWO  PiATJKUM  ON 

- - 


lfF  Pt  oa  B&rahaw  0104  Alumina 


Cumulative  Volume 


TJ0P-R8 


Pore  Disaster 

/. 


0.095 

0.1*2 

0.366 


5>  of  Total 


0.4 
4.9 

5.7 


7£.£ 

100 


Pore  Diameter 

1  Cumulative  Volume 

1 _ 

A 

00/g 

i>  of  Total 

£4 

0.005 

0.4 

35 

0»0£4 

3-4 

52 

O.OJO 

7.0 

82 

0.091 

12.6 

147 

0.186 

£6.1 

£55 

0.51*8 

46.1 

419 

0.599 

84.1 

850 

0.712 

j  100 
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Effect  jf  Temperature 


The  effect  of  temperature  on  conversion  and  reaction  rate  was 
studied  at  10  atm  pressure  over  the  range  of  842- 1022* F.  The  data  are  tabu- 

i  -  n  _  j  -*  —  m„ a.  _  oQ  u'j  ~ _ _  „u _ _ r  ^  n.r-,  « 

IttlCU  XXI  lauxc  OJ1U  i.  X. U-.L  TZ  A- XX  DliUKD  CL  UUU^M^  i.OUU  UA  WViiVCAOAWll  •_». 

function  of  temperature  for  the  DCH-MCh  mixture  (points)  and  pure  DCH  (solid 
line) .  Over  this  temperature  range  the  DCH  conversions  obtained  with  the 
DCH-MCH  mixture  were  about  10%  greater  than  those  obtained  with  pure  DCH. 
First  order  rate  constants  were  calculated  from  the  component  ccn%fersions 


and  are  recorded  in  Table  28.  The  values  obtained  previously  with  cure  com¬ 
ponents1^  z> are  shown  in  parenthesis  for  comparison.  Based  on  the  rate 
constants,  Jh'  reactivity  of  DCH  in  the  mixture  was  about  1.2  times  greater 
than  that  of  pure  DCH  while  the  reactivity  of  MCH  was  about  one  iourth  ihat, 
of  pure  MCH.  Activation  energies  were  computed  from  the  rate  constant  a  and 
were  lower  for  DCH  nd  higher  for  MCH  compared  to  t  e  pure  components.  Heats 
of  reaction  for  the  mixture  (Table  28)  were  lower  by  5-8 %  than  those  obtained 
with  pure  DCH  (Table  28,  values  in  parentheses). 


Effect  of  Space  Velocity  and  Conversion 

The  effect  of  space  velocity  or.  conversion  of  DCH  and  MCH  and  the 
effect  of  conversion  of  DCM  on  selectivity  for  DP  were  studied  in  a  aeries 
of  "bracketed"  runs  at  842  and  1022° F.  There  was  some  decline  in  catalyst 
activity  during  these  runs  as  in  each  series  the  conversions  observed  in  the 
final  runs  were  always  slightly  lower  than  those  in  the  initial  runs.  The 
data  are  recorded  in  Table  29.  Figure  21  shows  selectivity  for  DP  as  a 
function  of  DCH  conversion  for  pure  DCHTsolid  lines)  and  in  the  mixture 
(points)  at  842  and  1022“ F .  At  both  temperatures  for  a  given  conversion  the 
selectivity  for  DP  appeared  to  be  greater  for  the  feed  containing  MCH.  As 
was  observed  with  pure  DCH,  higher  selectivity  was  obtained  at  the  higher 
temperature  for  a  given  DCH  conversion. 

Effect  of  Pressure 


The  effect  of  pressure  on  reactivity  and  selectivity  for  DP  was 
studied  at  842  and  1022° F  over  the  pressure  range  of  1 0~,50  atm.  At  the 
higher  temperature,  DCK  conversion  appeared  to  increase  slightly  with 
increased  pies sure  while  at  the  lower  temperature  the  reverse  was  true 
(Table  30 ) .  Selectivity, for  DP  was  quite  pressure  sensitive  (as  was 


r>r>TT\  o  I 
MUf  C  ivOiiy 


* »  ^  t  #>..1  ^  m  1  nT  rt  X  “M-  a  1  A»  r  Ax  w  X  ,,  ,  » 

V  VAAU  _L\^¥Y  W-  A 


selectivity  declined  by  a  factor  of  about  2.5  when  the  pressure  was 
increased  for  10  to  30  atm.  In  general  selectivities  for  DP  were  higher 
with  the  DCH-MCH  mixture.  Figures  22  and  23  show  DCH  conversions  and  selec¬ 
tivities  for  DP  as  a  function  of  pressure  at  842  and  1022° F,  respectively, 
for  pure  DCH  (solid  lines)  and  for  the  DCH-MCH  mixture  (points'  .  Heats  of 
reaction  of  the  DCH-MCH  generally  were  up  to  lO?o  lower  than  those  obtained 
with  pure  DCH  (Tables  30,  values  in  parentheses  are  for  pure  DCH),  under 
comparable  conditions  due  to  the  low  conversion  of  MCH. 


From  the  experiments  carried  out  this  far  with  DCH-MCH  mixture  it 
appears  that  diluting  a  DCH  feed  will  enhance  the  reactivity  of  the  DCH  and 
the  selectivity  of  the  inaction  for  diphenyl.  Slight  loss  in  heat  sink  will 
occur,  however,  that  appears  to  be  due  to  the  low  reactivity  of  the  MCH 
component.  Presumably  DCH  or  more  probably  the  product  diphenyl  is  more 
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28 

DmDIgQEKAXlOK  OrPCH-MCH  MIXTURE 
Effect  oi  Tfruperature 

(Values  for  Pure  DCH  and  Pare  fv.ix  in  Parentheses) 
Catalyst:  l'jt  Pt  on  AI2O3  Catalyst  Volume:  7  ml 

Feeu;  75*  Tj*  DCH  UiSV;  100 

2.yp  PCH  Pressure:  10  etu 

22.0*  MCH 
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Effect  t T  DCH  Corners  ion  on  Selectivity  for  Diphenyl 

(Values  for  Pure  DCH  and  Pure  MCH  in  Parentheses) 
Catalyst:  lp  Pt  cx  Feed:  75.7 y.  DCH 

Catalyst  Volume:  7  ml  2. J>%  PCH 

Pressure:  1C  atm  22.0V>  MCH 
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TABLE  50 

EKnOJKOOSMATIOH  OF'  DCH-frKH  MIXTURE 
Kff«ot  of  P«S5»2tl 


(Values  for  pure  DCH  and  pure  MCH  in  parentheses) 

Catalyst:  1$  Pt  on  AlgOa 

Catalyst  Volume;  7  ml 
L1BV:  100 

Feed:  75-5$  DCH 

?..?$>  PCH 
22  .-%  MCH 


• 

Run  No.  9645- 

134 

135-1 

135-3 

—  ■ 

131-1 

_ 

UX-5  | 

132 

a 

Temperature,  °F 

Block 

fi),o  . 

N 

✓ 

N 

/ 

N 

Wall 

734 

745 

752 

873 

e?4 

862 

Catalyst  Bed 

600 

639 

663 

673 

691 

709 

Pressure,  ctm 

Product  Analysis,  fav 

3.0 

20 

30 

10 

20 

30 

l6.4 

MCH 

19.0 

39*4 

19-9 

17.0 

16.5 

Benzene 

- 

- 

- 

0.3 

o.,> 

0.2 

Toluene 

1.9 

2.3 

2.1 

4.7 

5.4 

5-2 

* 

DCH 

31.6 

31-9 

39-9 

19-5 

16.3 

16.9 

PCH 

26.0 

?4.1 

31.6 

9.3 

21.8 

51.8 

DP 

20.5 

12.1 

6.5 

49.2 

4o.o 

29-5 

Held  PCH,  Ui 

2J.8 

51.9 

29.4 

7-3 

19-5 

39- 5 

Conversion,^ 

DCH 

57.9 

57.7 

47.2 

74.2 

78.5 

77.7 

£ 

MCH 

il.3 

13.1 

10.8 

22.8 

25.O 

25.5 

Selectivity  fee,  fau 

tv 

PCH 

53-7 

72.p 

Si. 9 

12.9 

3^-8 

5*0.0 

DP 

46.3 

27-5 

18.1 

07-1 

67.2 

50.0 

# 

k,  sec-1 

0.454 

£ 

DCH 

0.700 

O.552 

0.175 

1.225 

0.695 

i 

MCH 

0.l4i 

0.061 

0.046 

0.>4l 

0.189 

0.089 

*- 

ic‘ 

Heat  Sink,  Btu/lk 

■£' 

Reaction  Mixture 

371 

329 

2>;o 

616 

560 

530 

* 

a 

Pure  DCH 

390 

294 

242 

672 

619 

565 

i 

i 

<3te 

I  85 


i  - 


Conversion  or  Selectivity  for  DP 
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- Pure  DC  H 

DCH-MCH  Mixture 
O  DCH  Conversion 
□  Selectivity  for  DP 


Selectivity 


Block  Temp:  !022°F 
Catalyst:  1%  Pt  on  AI2O3 
LHSV:  100 
Feed:  75.5%  DCH 
2.2%  PCH 
22.3%  MCH 


20 

Pressure,  atm 


Fiflure 23.  DEHYDROGENATION  OF  DCH-MCH  MIXTURE  AT  1022°F 
Effect  of  Pressure  on  DCH  Conversion  and  Selectivity  for  Diphenyl 
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strongly  adsorbed  ..*4  the  catalyst  surface  than  the  MCH  and  hence  inhibits 
the  reactivity  cf  hiis  latter  component.  No  further  laboratory  work  with 
the  DCH-MCH  system  is  planned  it  this  time.  It  it  possible  that  results 
will  be  different  under  FSoFR  conditions.  If  this  appears  likely  by  calcu¬ 
lation,  sucli  a  mixture  may  be  tested  under  the  larger  scale  conditions. 

Thermal  Heactior 


l  ie  thermal  reaction  was  studied  at  ...0  pressure  over  the  tem¬ 
perature  range  of  1022-1293'’?.  Under  these  conditions  the  reactivity  of  DCH 
was  greater,  and  the  reactivity  of  MCH  was  less  than  that  of  the  pure  com¬ 
ponents.  For  example,  at  1293° F  with  the -DCH-MCH  mixture  conversion  of 
86.2 $  and  54.7$  were  observed  for  DCH  ag^  MCH,  respectively,  compared  to 
67.  7$  arid  47-7$  for  the  pure  components  '  ( Table  31 )  •  Based  on  first  order 
rate  constants  that  were  calculated  from  the  conversion  of  the  two  compo¬ 
nents,  tiie  reactivity  of  DCH  was  greater  by  a  factor  of  1.6  to  1.8  and  the 
reactivity  of  MCH  less  by  a  factor  of  0.7  to  0.8  compared  to  the  pure 
compe  ents.  The  apparent  activation  energy  for  DCH  in  the  mixture  was  4b. 6 
kcal/mole  compared  to  47,0  leal/ mole  for  pui-e  DCH.  With  MCH  the  apparent 
activation  energy  in  the  mixture  was  60.1  kcal/mole  compared  to  39-3 
kcal/  mole  for  pure  MCH.  Figure  24  is  an  Arrh.  Lus  plot  of  the  data  obtained 
with  the  mixture.  The  values  observed  for  DCH  are  certainly  the  same  within 
the  accuracy  of  measurement,  but  the  values  for  MCH  are  probably  signifi¬ 
cantly  different.  The  cause  of  this  effect  is  not  known.  The  larger  value 
for  MCH  is  about  the  sa  e  as  was  observed  by  Falun s  et  al  of  Monsanto^ 
for  naphthenes  generally,  while  thermal  decomposition  of  DCH  at  800°F  is 
0.18  hr-1  which  corresponds  to  ca  O.56  sec-1  at  1100 t'F  using  an  E  value  of 
60  kcal,  compared  to  a  value  of  0.023  found  here.  If  the  4b  koal  value  of 
E  is  used,  k  at  1100°F  would  be  0.Q2J.  Product  material  consisted  of 
cracked  liquid  and  light  gas  and  dehydugenated  products.  The  delydrogpuated 
materials  consisted  of  cyclohexenes,  cyclohexariienes,  benzene,  toluene,  and 
unidentified  material  heavier  than  toluene  that  was  presumed  to  be  alkyl 
aromatics.  At  the  higher  temperatures  considerable  light  gas  was  formed 
that  was  principally  methane,  ethene,  ethane,  and  hydrogen.  The  product 
distribution  and  yields  of  the  cracked  liquids  are  shown  in  Table  32.  The 
licr’n+.  gas  piodue  L  distribution  is  shown  in  Table  33- 

Heat  sinks  wore  estimated  tc  be  not  greatei  than  those  obtained 
with  pure  DCH.  This  was  based  upon  the  fact  that  u<osi  of  the  products  came 
from  the  reactions  of  DCH  and  that  the  products  obtained  were  not  very 
aifferem  from  thooe  obtained  with  pure  DCH.  (More  conversion  to  light  gas 
was  observed  with  the  mixture  than  with  pure  DCH.)  Thus  the  heat  of  reaction 
for  the  mixture  is  estimated  to  be  not  greater  than  6b  Btu/lb. 

Deealin-Methylc.yclohexane 

In  earlier  work  on  the  dehydrogenation  of  MCH  over  a  platinum  on 
alumina  eatalwst,2'  it  was  shown  that  addition  of  22$  Decal  in  (decahydr,;- 
naphthalene;  DHN;  68$  cis  DHN)  to  the  MCH  feed  reduced  the  reaction  rate  of 
the  MCH  by  about  a  factor  of  two.  In  later  work  on  the  dehydrogenation  of 
DHN  addition  of  10$  MCH  to  one  of  the  feeds  appeared  to  retard  the  catalyst 

a]  The  thernnl  reaction  of  DC1I  was  reported  in  detail  in  reference  3  and, 
of  MCH  in  reference  2. 
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TABLE  J1 

THERMAL  REACTION  OF  Dt-H-hCh  MIXTURE 

(Value*  for  pur*  DCH  and  pure  MCH  in  parentheses) 

rTSSSi”* i  1C  StS* 

LH5V:  20 

Catalyst:  Quart*  Chips 

Feed:  75-5?  DCH 

2.2$  FCH 
22  Jp  MCH 

Catalyst  Volume:  20  ml 
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TABLE  32 

THERMAL  REACTION  OF  DCK-MCH  MIXTURE 


Cracked  Liquid  Produot  Dietrlbution 

Feed:  75.5#  DCH 
2.2£  PCH 
22.35b  MCH 


Produot 

Run  No.  964J- 

Product  Analysis 

!  Yield,  *w 

137 

138 

139-1 

139-3 

137 

138 

BE 

Block  Temperature ,  °F 

1022 

1 

1112 

1 

1202 

1293 

1022 

11.2 

1202 

1 1293 

1 

Lighter  than  C« 

- 

6.8 

10.1 

14.6 

- 

0.5 

1-5 

3.0 

Hexane 

33-3 

31.0 

31.1 

22.8 

0.4 

2-3 

4.6 

4.7 

CH 

4l.7 

17.0 

20.9 

10.2 

0.5 

2.0 

3.1 

2.1 

Ua} 

- 

1.4 

6.6 

3.4 

- 

0.1 

1.0 

0.7 

pb) 

25-0 

28.4 

25.O 

35-0 

0.5 

2.1 

3-7 

7.2 

yc) 

1 

5.4  i 

6.1 

14,0 

- 

0.4 

0.9 

2.9 

_ _ i _ i _ ! _ I _ 1 _ i _ L 

a)  Heavier  than  bensenj  but  lighter  than  toluene. 

v  X  L*  -  nr J  At. - A-t - -  .  v..a  t  M  _t_ A-„  rv»tf 

QJ  HCttVAt 71  W1WJ  lUiUtiie  UU  O  AAgUlCJ  umu  *Avli> 

oj  Heavier  the-.  PCH. 
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TABLE  33 

THERMAL  REACTION  OF  DCH-MCH  MIXTURE 


Gafi  Phase  Product  Distribution 

Feed:  75*9£  DCH 
2 ,  PCH 
22. %  MCH 


Run  No.  9645- 

139-1 

- 

139-3 

Block  Temperature,  °F 

1202 

1293 

%  Feed  to  Light  Ges,  i>v 

14.1 

34.1 

Product  Analysis, 

Ha 

19.9 

16.5 

CH* 

31.8 

31.5 

CaH* 

22.2 

20.6 

C*Ho 

13-5 

14.6 

CaHe 

7.0 

9-1 

CsHq 

2.7 

2.9 

C*He 

0.8 

1.0 

*  'T 

A  *“» 

X*  I 

C4H10 

o.c 

0.2 

CsHxo 

0.1 

0-3 

Ifigher  than  C5 

0.3 

0.4 

M 


F 


i 

| 

? 


* 


I 


N 


r 


A 

f 

k 

f 
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deactivating  reaction.  These  effects  have  now  been  investigated  further 
using  DHN-MCH  mixtures  and  studying  the  effect  of  MCH  concentration  on  the 
reactivities  of  the  feed  components  and  on  the  catalyst  deactivating  reaction. 
In  these  tests  DHN-MCH  mixtures  with  9$,  47%.  and  71$  MCH  were  dehydro¬ 

genated  over  the  1$  Pt  on  AloO?  catalyst  at  10  atm  pressure  and  842-1022° F. 
The  DHN  was  a  Shell  plant  preparation  and  contained  91. 2#  trans  and  8.9$  cis- 
DHN.  The  results  are  summarized  in  Table  54. 

Based  on  the  first  order  rate  constants  the  reactivities  of  both 
DHN  and  MCH  generally  increased  with  increasing  MCH  concentration  (Figure  25). 
However,  the  rates  of  inaction  for  DHN  were  greater,  and  those  for  MCH 

smaller,  than  for  the  pure  compounds.  Thus  with  the  29$  DfiN-71$  MCH  mixture, 

the  reactivity  of  the  DHN  component  was  about  double  that  of  pure  DHN ,  while 

the  reactivity  of  MCH  was  about  one  half  that  of  pure  MCH  (k™.  ”  sec-1 

at  1022® F) .  The  addition  of  MCH  had  no  appreciable  effect  dtrxhe  selectivity 
for  naphthalene.  Similar  results  with  a  different  DHN  feed,  addition  of  9$ 
or  23$  MCH  to  this  DHN  feed  enhanced  catalyst  deactivation,  while  addition 
of  47$  or  71$  MCH  reduced  the  deactivation  only  slightly.  The  magnitude  of 
the  increase  in  catalyst  bed  temperature  during  the  run  was  taken  as  a  mea¬ 
sure  of  catalyst  deactivation.  These  results  suggest  that  factors  influ¬ 
encing  catalyst  deactivation  with  DHN  may  be  affected  by  the  isomer 
composition  of  the  DHN  feed. 


Dlcyclohexyl-Decalin 


Two  mixtures  of  50$  DCH-50$  DHN  were  tested  at  842-1022° F,  10-30 
aLm  pressure,  at  LHSV’s  of  30-100.  One  feedstock  was  made  up  with  a  Decalin 
containing  a  high  concentration  cf  the  cis  isomer  (F113;  74.5$  cis  DHN)  and 
the  other  with  a  Decalin  containing  a  high  concentration  of  the  trans  isomer 
(Shell  DHN;  91-5$  trans  DHN).  Complete  compositions  of  the  two  feedstocks  were: 


$  DCH 

$  trans -DHN 
$  cis -DHN 
$  PCH 

$  THN 


50$  DCH  Plus  50 of 
F-113  DHN  Shell  DHN 


49.2 

12.3 


0.2 


49.5 

44.8 

ft 

0.0 


Reaction  predicts  were  analyzed  by  GLC  from  -which  conversions  and  selectiwi- 
ties  were  calculated.  First  order  rate  constants  were  calculated  for  each 
naphthene  component  based  on  its  rate  of  disappearance.  Activation  energies 
were  computed  from  the  first  order  rate  constants,  based  on  the  reactor  wall 
temperatures . 


The  effect  of  temperature  on  conversion  was  studied  over  the 
temperature  region  of  842-1022°F  (10  atm,  LHSV  =  100) .  Tests  with  both 
feedstocks  showed  that  addition  of  DHN  to  DCH  lowered  the  reactivity  of  DHN; 
increased  the  reactivity  of  DCH  when  the  DHN  had  high  trans  content  (ihble  35> 
Figure  36) ;  and  did  not  appreciably  affect  the  DCH  reactivity  when  the  DI1K 
had  high  c!b  isomer  content  (Table  36,  Figure  26  ) . 

Activation  energies  (Eac+)  for  the  dehydrogenation  of  DCH  and  DHN 
were  calculated  from  the  first  order  rate  constants  (Tables  38  and  Jj'y )  and 
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First  Order  Rate  Constan*  tec 


Deca  I  in 


□ 


r  K-»u»e,  i  u  a  i  n) 

lrsv:  100 

Catalyst:  1%  Pt  on  AI2O3 
Catalyst  Volume:  7  ml 


AFAPl-TP 
Part  I 


MCH  Concentration,  % 

Figure  25.  DEHYDROGENATION  OF  DFC  A  LIN -METHYL- 
CYCLOHEXANE  AT  1022°F 

Effect  of  MCH  Concentration  on  Component  Reaction  Rates 


Part  I 


Table  35-  DEifYPROGEK/vilO^  OF  DCi-i^SHELL J3HN 
. ■  1XTURS :  EFFECT'OF  TEMPERATURE 


Values  for 

Catalyst: 
Oa.ts.lyet  Volus*  ; 
LH3V: 

Frastiur?: 


pur#  Of  H  •  n  y DHN  in  L>ar«nth#£t‘a . 

i;^  ft  on  Ali;.'n  Feed:  -44.8.  Vr&i.c  Otii 
7  ml  '  "  4.#  ci&  Dt-iN 

IOC  i+J.  S>  Dr.H 

10  cto  l.i$  POn 


Run  No.  9645- 

r — — — 

lOf 

r 

188-1 

186-2 

. 

r 

TeJEjertiturO;  °F 

Eiocl; 

84? 

932 

1022 

Vail 

738 

802 

862 

Catalyst  Bed 

639 

682 

741 

AT  Catalyst  Bed,  *f 

n 

7 

16 

Product  Analysis,  $  ur 

trans-DHN 

39.2 

36.  c 

30.3 

cis-DHN 

2-3 

2,3 

2.4 

DCH 

20,0 

15-2 

11.8 

THN 

3-C 

2.3 

2.1 

PCH 

14.3 

10.4 

8.3 

Naphthalene 

5-1 

8,8 

14.5 

DP 

15.9 

25.0 

30.6 

Yield  PCH, 

13-3 

9-1 

7.0 

Conversion,  ^ w 

DCH 

59.7 

69.7 

76.3 

rvrKf 

(51-2) 

1  r  ■* 

158.5) 

a 

(65.4) 

-*■*  ). 

(25.0} 

(33-5) 

•  *♦ 

(41.5) 

Selectivity  for,  £  v 

PCH 

45.2 

26.4 

18.4 

DP 

34.8 

73-6 

81.6 

THN 

36.6 

20.6 

12.5 

Naphthal ;ne 

65.4 

73-4 

87.5 

1 Continued) 
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Table  5 3  (Co.it 3) .  DEiiyLflCOENATION  OF  DCH -SHELL  DHN 
mIktuhe-  effect  OF  TEMPERATURE 


AAAA 


Table  ;6  (Contd).  DErfYDflOGENATION  OF  SCH-DHN 
MIXTURE :  EFFECT  OF  TEMPERATURE 


afapl~i.fi .  -a 

Perl  I 


were  different  with  the  tvc  feedstocks.  Thus  with  the  high  cis-DHN  feed, 

for  uCH  and  DHN  were  lower  than  those  observed  for  the  pure  comp* -nents 
(Table  36  j ;  while  with  the  high  t.’.-tn  --DHN  feed,  Eact  for  DCH  equalled  that 
of  pure  DCH  and  Ea„+  for  DHN  was  higher  than  that  of  pure  DHN  (Table  35)  . 
Figure  P'7  shows  Arrhenius  plot  of  the  >’«  la  for  4  a*  1C  1/V/l  I-DKH  mixtures.  As 
+  he  act!  '.raticn  energies  wni  6  calculated  froin  the  first  ; 1  r  ti ~  rate  cons  to 
they  represent  activation  energies  for  the  first  dehydrogenation  step. 


With  pure  DUN,  catalyst  deactivation  was  observed  during  dehydro¬ 
genate  i.3)  Mixing  DCII  an-'  DHN  reduced  t-liis  catalyse  deactivation  consider¬ 
ably.  For  example.,  during  dehydrogt  tion  cf  pure  F--113  DHN  and  pure  Shell 
DHN  increases  in  catalyst  oed  temper- cures  of  l40°t  and  57  r ,  respectively, 
were  observed  at  1022°F.3)  With  the  DCH-DKN  feeds  temperatures  increases  of 
only  23°?  and  l6°F  were  i  bserved  with  the  DCH-F-313  DHN  (Table  36.)  and  the 
DCH-SHELL  DHN  (Table  33,  ,  respectively. 


Reaction  heat  sinks  calculated  for  the  DCH-DKN  mixtures  were  lower 
than  those  obtained  with  pure  DCH  but  higher  t'an  those  >btained  with  pure 


DHN. 


The  effect  of  conversion  on  selectivity  was  studied  in  a  series  of 
experiments  at  Q4 2”  and  1022°F  (LhSV  50  and  JO;  10  atm  pressure)  using  the 
DCH-F-113  DHN  feedstock  (i.e.,  high  cia  DHN  con  entration) .  With  this 
mixture  DCH  conversions  were  about  that  observed  with  pure  DCH  (Table  37) • 
Selectivities  for  DP  at  a  given  conversion  were  higher  than  was  observed 
with  pure  DCH,  more  so  at  642°F  than  at  1022° F  ( Figure  26)  ■  Comparison  of 
the  results  for  DHN  with  the  mixture  tc  that  of  pure  DHN  are  not  possible 
now  as  pure  F-113  DHN  has  not  been  tested  as  yet.  under  these  reaction 
conditions.  Heat  sinks  of  reaction  obtained  wi  hi  the  DCH  DHN  mixture  were 
somewhat  lower  than  those  observed  with  pure  DCH. 

The  effects  of  pressure  or.  conversions  and  selectivities  were 
studied  in  a  series  of  experiments  at  10  and  20  atm  pressure  and  842°  and 
1022° F  ( LHSV  =  100).  In  general,  at  a  given  pressure  and  compared  to  the 
pure  components,  conversion;;  of  the  naphthenes  in  the  mixture  were  slightly 
lower  (Table  >8) ;  while  selectivities  for  DP  were  slightly  higher,  and  those 
for  naphthalene  slightly  lower  (Figure  29;  than  was  observed  with  the  pure 
components. av  Heat  sinks  of  reaction  with  the  mixture  were  lower,  genera.' 
than  those  obtained  with  pure  DCH  but  higher  than  those  obtained  with  pure 

rxTT»* 

UL  UV  • 


In  summary  then,  addition  of  5 Of1  DHN  to  DCH  reduced  the  reactivity 
of  DHN;  enhanced  the  reactivity  of  DCH  if  the  Irons  isomer  content  of  the 
DHN  was  high  ( 9OJ0) ;  and  did  not  effect  the  reactivity  of  DCH  if  the  cis 
isomer  content  of  the  DHN  was  high  ( T'%) .  No  reason  for  this  isomer  effect 
on  the  DCH  reactivity  is  immediately  evident. 

?i  The  DHN1  conversions  and  selectivities  for  naphthalene  wore  compared  to 
those  obtained  with  EK  PI 905  DHN.3'  This  Deealin  was  less  reactive  than 
F-ilJ  DHN  hence  the  DHN  conversions  and  naphthalene  selectivities  shown 
in  Table  ')  and  Figure  2‘y  for  pure  DHN  could  he  slightly  higher  for  the 
F-113  decal in. 


JG1 


sec 
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In m pa  t a  tur*  .  “F 

i?5  7/4 


De<-tiin:  Shell  D J I F 
Pressure :  10  atm 

!  H  S  V  100 


4 V  S";  DC  H 
I  .4%  PC  H 


Deca  1  in  :  F-  1  13 
f’ratjure;  10  atm 

IHSV:  100 

Fees:  49.2%  OHN 
49.2%  DC H 
1.4%  PC  H 
0.2%  THN 


1.33  1.40  1.45  1.50  1.55 

1 000/  T ,  °K 

Figure  27.  Uc  H  YD  K  O  GEN  A  TIP  N  OF  DCH-DHN  MIXTURE 
Temperature  Coefficient 
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Table  57=  DEHYDROGENATION'  OF  PCH -DHN  MIXTURE: 
EFPECT/CF  CON’VEpr'ION  ON  SLLECTIVITIE5 
FOR  DIPHENYL  AND  FOR  NAPHTHALENE" 


Values  for  pt.re  DC  i  end  pure  DHN  In  parentheses. 


Catalyst: 


Catalyst  Volume:  7  ml 
Pressure:  10  atm 

Decalin:  F-113 


H  on  AlcCs 


Fe  d:  49.2>>  DCH 

12,3$  trans-DHN 
36,9-1  eis-DHN 
1.4$  PCH 
0.2$  THN 


Run  9645- 


162-1 


162-2 


163-1 


163-2 


Temperature,  °F 
Block 
Wall 

Catalyst  Bea 


->  < - 1022  - > 

9^5  |  941 
720  732 


Product  Analysis,  $w 
Croaked 
Benzene 
Toluene 
trans-DHN 
0 is -DHN 
Ub) 

DCH 

THN 

PCH 

Naphthalene 


0.0 
0.0 
.  0.0  , 
13. 9a' 
•=,4 

J.C 

5.0 

4.3 

6.5 

26.9 


Conversion,  $w 
DOK 


78.6 

(78.3) 
49.2 

(41.3) 


89.9 

(95.2) 
6  0.8 
138.9) 


93-3 
(93-8) 
7 6.6 
;65.4) 


a)  cis  to  trans  isor.erization  duriug  the  run. 

b)  Unidentified. 


99-2 
(  -  ) 
92-5 
(07.9) 


<  A  \ 

\  W  *\JIV  U  / 
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Table  37  (Contd).  DKHYDROOENAT T ON  OF  DCH-PHN  MIXTURE: 
EFFECT-  CF  CONVERSION  l  ,  SEliCTIYITIES 
FOR  DIPHENYL  AND  FOR"  NAPHTHALEME 


Run  9645- 

162-1 

162-2 

I63-I 

163-2 

Selectivity  for,  $v 

PCH 

28.0 

11.8 

2.0 

0.0 

DF 

72.0 

88.2 

98.0 

99.9+* 

m! 

22.2 

15.2 

2.9 

0.4 

Naphthalene 

77-8 

86.8 

97.1 

99- 6 

k,  eec~l 

DCH 

0.587 

0.560 

0.761 

- 

DHN 

0.325 

0.273 

0.813 

0.880 

Heat  Sink,  Btu/lb 

Reaction,  Mixture 

574 

736 

862 

976 

Reaction,  Fure  DCH 

656 

895 

978 

1050 

React  on.  Pure  DHN 

583 

552 

618 

825 

104 


DCH  Conversion 
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100  r 


80 


S? 


60 


40 


20 


Pressure:  10  Afm 
Dec  alio:  F-  1 1 3 
Feed:  49.2%  DC H 


1.4%  PC  H 

0.2%  THN 


o 


O  DCH-DHN  Mixture,  842°F 
O  DCH-DHN  Mixture,  1022°F 
Pure  DC  H 


20 


40  60 

Select! /ity  for  DP,  % 


80 


100 


Figure  28.  DEHYDROGENATION  OF  F*C  H-DHN  MIXTURE 
Effect  of  DCH  Conversion  on  Selectivity  for  DP 


Table  36.  DEHYDROGENATION  OF  DCH-DHN 
MIXTURE:  EFFECT  OF  PRESSURE"" 
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i 
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Values  of  pure  DCK  and  pure  DUN  In  parentheses. 


Catalyst:  T4  Pt  on  AlsOs 

Catalyst  Volume:  7  ®1 
LHSV:  100 

Decal  in:  F-113 


Feed:  k9.2$  DCH 

12.%  trans  DHN 
36.97  cis  DItN 
1.43  FCH 
0.2},  THN 


Run  9645- 

I65  -1 

165-3 

1 66 

168-1 

168-3 

169 

Temperature,  CF 

Block 

S' 

---  V 

,  -  — 

04c 

/ 

Wall 

720 

716 

729 

882 

885 

889 

Catalyst  Bed 

624 

635 

660 

703 

702 

711 

Pressure,  atm 

10 

20 

30 

1C 

20 

30 

Product  Analysis,  $>w 

i4.aa) 

18. 9a) 

23.6s' 

12. 4a^ 

14.2*> 

15. 4a^ 

trans-DHN 

cis-DHN 

19.0 

14.0 

10.0 

13.1 

9-5 

7-1 

DCH 

24.8 

27.6 

31.3 

14,6 

13-9 

14.7 

THN 

6.1 

10.6 

12.2 

4.2 

9.6 

13.5 

PCH 

14.2 

17-6 

17.0 

10.2 

16.5 

20.7 

Naphthalene 

9-5 

6.3 

4.4 

19.9 

16.4 

13. v 

DP 

11.6 

4.9 

1.5 

25.6 

19.8 

14.6 

Cracked 

0.0 

0.1 

0.1 

0.0 

0.1 

0.3 

Yield  FCH 

12.8 

16.2 

15.6 

8.8 

15.1 

1 9-3 

DCH 

50.0 

43.5 

35.6 

70.1 

71.5 

69.6 

,52.2) 

(46.0) 

(38.5) 

(71.0) 

( 75.5) 

(74.6) 

DHN 

31.7 

32.5 

31-1 

47.8 

51.4 

54.1 

131.5) 

(33-1) 

(32.6) 

152.9) 

(  54.0) 

(55.5) 

Selectivity  for,  $w 

76.8 

PCH 

53-1 

91.3 

2S.6 

43.3 

56.9 

DP 

46.9 

23.2 

8.7 

74.4 

56.7 

43.1 

THN 

36.4 

62.3 

75-2 

16.7 

36.4 

49.2 

Naphthalene 

61.6 

37.7 

O 

~  «.  ~7 - - - B 

G  •  ■» 

r  t  r 
j  (J?'V 

r  r\  Q 

J\s  .  u/ 

.  ' _ 

af  cis  to  trans -isomerization  occurred  during  dehydrogenation.  ^ Continued) 
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Run  9645- 

165-1 

16.5-3 

166 

168-1 

168-1 

169 

k,  sec-1 

DOR 

0.55k 

0.228 

0.119 

0.558 

O.366 

DHN 

0.36k 

C.18? 

0.119 

0.706 

0-393 

0.283 

Heat  Sink,  Btu/lb 

Reaction,  Mixture 

33? 

273 

220 

547 

530 

491 

Reaction,  Pure  DCH 

390 

29k 

ai 

661 

623 

567 

Reaction,  Pure  DHN 

288 

242 

230 

503 

495 

489 

AFAPl-TR-67- 1 14 


1022°F 

V 

V\. 

842°F  , 

LHSV:  100 

Decslln:  F-  1  13 

Fffcd:  49.2%  DCH 

1  2  .3%  *rans  DHN 
36.9%  c  is  DHN 

ressur  c  , 

mat  in  ^  i  c  r\  r  u  _  n  l:  k  !  ah  v 

I  ■■*  A  !  i  O  :■  N  V  7  {  U  %  n  *•  U  h  •:  N  A  t  i  A 
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Activation  energies  for  the  first  dehydrogenation  step^vere  lower 
than  those  observed  for  the  pure  components  with  the  50$  DCH-pop  DHN  ( 75?  cis) 
but  with  the  5056  DCH-50$  DHN  (90$  trans)  EaCt  for  DCII  was  unchanged  and  Eact 
for  DK2?  was  higher  than  those  obtained  with  the  pure  components. 

At  842*F  end  a  given  DCH  conversion  (80-90$)  there  was  a  marked 
increase  in  selectivity  for  DP  when  DHN  (75$  cis)  was  added  to  DCH.  A  simi¬ 
lar  but  less  marked  effect  also  was  observed  at  1022°F. 


With  increased  pressure  ( 10-30  atm)  addition  of  DHN  (75$  cis) 
generally  reduced  the  reactivity  of  both  DCH  and  DHN;  and  at  a  given 
conversion  gave  a  slight  increase  in  selectivity  for  DP  and  a  considerable 
decrease  in  selectivity  for  naphthalene.  As  was  observed  with  pure  DCH  and 
pure  DHN,  at  842-1022° F  conversions  were  essentially  independent  of  pressure 
except  for  DCH  at  842° F  where  conversion  did  decline  somewhat  with  increased 


pressure 


I)J 


Very  little  catalyst  deactivation  was  observed  during  dehydrogena¬ 
tion  of  the  50$  DCH-50$  DHN  mixtures. 


With  the  dehydrogenation  of  50$  DCH-50$  DHN  the  reaction  heat  sink 
was  less  than  that  of  pure  DCH,  but  greater  than  that  of  pure  DHN.  This  was 
primarily  because  the  total  reaction  heat  sink  available  from  DCH  is  1080 
Btu/lb  and  from  DHN  is  950  Btu/lb.  Although  an  increase  in  selectivity  for 
DP  was  >btained  when  DHN  was  added  to  DCH,  the  gain  in  reaction  heat  sink 
due  to  this  enhanced  selectivity  was  not  enough  to  compensate  for  the  loss  in 
heat  sink  by  diluting  DCH  with  DHN.  Thus  it  appears  that  no  gain  in  reaction 
heat  sink  over  that  of  pure  DCH  will  be  obtained  by  adding  DHN  to  a  DCH 
feedstock. 


Thermal  Reaction  of  Dicyclohsxyl-Decalin  Mixture 

The  50$  DCH-50$  DHN  mixture  was  also  tested  for  thermal  reaction 
at  10  atm  pressure,  1022-1293° F  at  LKSV  of  20.  In  these  tests  quartz  chips 
(10-20  mesh)  filled  the  reaction  zone  in  the  reactor. 


With  this  mixture  the  reactivity  of  DCH  was  slightly  greater  than 
the  uvci-w.ll  reactivity  of  DHN.  For  example,  at  1293° F  DCH  conversion  of 
69.9$  was  observed  compared  to  62.2$  for  DHN  ("able  39) •  For  the  two  DHN 
isomers  the  cis  species  was  more  reactive  than  the  trans  (cf  rate  constants 
Table  39) •  Apparent  activation  energies  ranged  from  44.2  keal/moie  (cis  DHN) 
to  54.2  kcal/mole  (trans  DHN).  Figure  30  is  an  Arrhenius  plot  of  the  data. 
Reaction  products  were  mainly  liquid  cracked  material  (Table  39)  with  lesser 
amounts  of  gas  products.  Gas  products  were  main 


hyd rogen 
hydrogen 


Table  40 j .  Heats  of  reaction  were  . 
ransfer  reactions  between  the  react 


,*•  metnane,  etnyxenc-  and 
than  230  Btu/lb  du>  00 
products . 


Conversions ,  ilrst  c. 
obtained  with  the  pure  component 

comparison 


rate  constants  and  activation  energies 
.  "e  shown  in  Table  39  in  parantnesd*  for 


In  The  mixture  the  react,  ity  of  DCH 
the  overall  reactivity  o..  D!B4  was  0 


sarable  to  chat  of 

7  -  '■>  q  -«  $■  ’  '.;i  r-  r*.  V*  q  T,  q  f* 


Table  '9.  THERMM,  REACTION 


D I CVC  LOKHX*  ” 


rro#Purr : 
liisr*! 

R»R'  linn  Time : 
Catalyst* 
Caenlyst  Vol: 


1C  «t» 

20 

£0  ml,n 

Quarts  Cnips 

20  *1 


,2,¥  vf  •"•’  !:•• 

so « c,r  ■-  iB-rj*!; 

49.2,;  DCH 
0  Hi  t  kn 
1  -  -vl  nCH 


Pun  Ne,  10100- 

T^r 

1 - - 

17-3 

18 

-  - 

19 

Temperature,  *P 

Block 

1022 

1112 

1202 

1295 

Wall 

1009 

1094 

1175 

1240 

Catalyst  Bed 

972 

1056 

1119 

1155 

Product  Analysis,  jSw 

Bensene 

0.0 

0.4 

1.7 

5.5 

0.1 

1.3 

2.3 

3.0 

Toluene 

0.0 

0.1 

1  O 

**  •< 

y*  £ 

*3  4  V> 

tJ*b> 

O  ft 
v*  v 

n  a 

V 

1.5 

2.  8 

trans-DHN 

12.4 

12.2 

10.0 

6.7 

u,b) 

0.1 

0.3 

0.6 

i.O 

cis-DHN 

36,1 

32.3 

22.8 

11.9 

0.0 

1.4 

3.5 

4.6  j 

TV^U 

i£b) 

49.0 

44.1 

30.1 

14.8 

o.o 

0.0 

0.6 

0,8 

THM 

0.1 

0.1 

0.4 

0.6 

PCE 

1.4 

1.4 

1.1 

0,8 

Naphthalene 

0.0 

0.0 

0.0 

0.5 

Cracked,  liquid 

0,8 

6.0 

17.2 

21.3 

Cracked,  light  gas 

0.0 

0.1 

8.2 

21.5 

Conversion,  % w 
trans-DHN 

0.0 

0.8 

18.7 

45.6 

cis-DHN 

Total  DHNa ■ 

2.2 

12.5 

38.2 

67.7 

1.5 

9.6 

33.4 

62.2 

DCH 

0.5 

(14.6) 

10.4 

(46.2) 

38.8 

(78.W) j 
69.9  j 

First  Order  Rate  Constant,  sec”* 

(3.7) 

(10.3) 

(39.2) 

(66.7)  1 

1 

trans-DHN 

- 

- 

0.065 

0.167  j 

cis-DHN 

(0.018) 

0,034 

(0.119) 

0.197 

(0.348)  j 
0.361 

Total  DHN 

(0.055) 

0,025 

(0.201) 

0,108 

(0.492) 

0,267 

DCH 

(0.039) 

0.023 

(0.116) 

0.109 

(0.425) 

0.277 

I 

E,  Act  Energy,  kcal/mole 

(0.023) 

(o.iu)  i 

(0,255) 

i 

trans-DHN 

< -  54, 

O  - y 

cis-DHN 
*n'!tal  DKN 

vC;‘ 

Heat  oink,  Btu/l1' 

React.  3  on 

0.0 

- - - 

-C - - - 

35  1 

-  44.2  — 

-  47.0  - 

(45.35 

-  43.9  - 

(47.0) 

124 

- > 

228 

Total  at  Block  Temp 

76U 

860  j 

1038 

1206 

Total  at,  1340'*? 

i 

101?  ! 

1050  | 

1139  | 

1243 

for  pure  cc5>r.<?'V'r.t!>  shewn  In  parentheses. 


Table  40.  THERMAL  REACTION  OF  DICYCLOHEXYL-DECALIN 

GAs  rtto  product  ptstributi6n 

Pressure:  10  atm 
LHSV:  20 

Feed:  12.3#  trans-DHN 

3 6.9#  cis-DHN 
1+9.2#  DCH 

o.2#  Tin; 

1.4#  PCH 


Run  No.  10100- 

18 

19 

Block  Temperature,  °F 

1202 

1295 

Total  Conversion,  #w 

33.4 

62.2 

Conversion  to  Light  Gas,  #w 

8.2 

21.5 

Gas  Product  Analysis,  #v 

Hs 

22.2 

18.1+ 

CH* 

30.2 

29.8 

C2H4 

21.3 

21.5 

CsHs 

12.3 

14.3 

CaHe 

7*4 

8.7 

CjjHq 

2.7 

3*8 

C*Ke 

0.5 

0.8 

C^Ha 

!*3  i 

2.3 

C^Hio 

0.1 

0.2 

CsHxo 

0.0 

0.2 

D 1  cy  c  I  ohexy  1  -Me  thy  Id  e  c  8  3 .  in 


These  experiments  were  done  with  a  5C$  DCH -50$  1-MDHN  mixture  that 
analyzed  to  be: 


6.1$  t rang -1-MDHN 
4}.  9$  cis-l-MDHN 
49.4$  DCH 
0.6$  PCU 


The  experiments  were  done  at  10  atm  pressure,  LHSV  of  100,  at  842-1022° F 
using  our  laboratory  1 $  platinum  on  alumina  catalyst.  The  procedure^ for 
carrying  out  the  experiments  was  the  same  as  that  used  for  studying  the 
DCH-Decalin  system.  Product  material  was  analyzed  by  GLC,  using  a  five- 
foot  l/4-in  stainless  steel  column  packed  with  5$  Carbowax  on  Chromosorb  W. 
With  this  column  the  5-MTHN  and  PCH  emerged  as  one  coraj;  i  nt.  Hence  these 
components  were  obtained  by  a  separate  analysis  using  a  two-foot,  l/C-inch 
diameter  column  packed  with  20$  tricyanoethoxypropane  on  100-200  Chromosorb 
W.  The  data  are  recorded  in  Table  4j;  values  obtained  witn  pure  components 
are  shown  in  parentheses. 


Addition  of  DCH  to  1-MDHN  stabilized  the  catalyst.  For  example, 
at  932#F  an  increase  in  catalyst  bed  temperature  of  only  49° F  was  observed 
compared  to  an  increase  of  over  200°F  with  pure  1-MDHN  ' Table  4l) .  Further, 
the  overall  reactivity  of  1-MDHN  was  enhanced,  pro cum-  because  of  catalyst 

stabilization  (cf  rate  constants  Table  4l) .  Selectivity oy  for  methyl- 
naphthalene  was  considerably  lower  in  the  mixture,  however.  The  reactivity 
was  enhanced,  but  the  selectivity  for  DP  was  virtually  that  of  the  pure 
component  (Table  4l) . 

Activation  energies  were  computed  from  firs4-  order  -rate  constants 
and  are  recorded  in  Table  4l.  Figure  31  is  an  Arrhenius  plot  of  the  data. 
Heat  sinks  with  the  mixture  were  lower  than  those  obtained  with  pure  DCH  but 
greater  than  those  for  pure  1-MDH  (Table  4l) . 

In  summary  then  addition  of  DCH  to  1-MDHN: 

1.  Stabilizes  the  catalyst  for  dehydrogenation  of  the  naphthene 
mixtures . 

2.  Enhances  the  reactivities  of  both  DCH  and  1-MDHN. 

3-  Lowers  the  selectivity  for  methylnaphthalene  but  does  not 
effect  the  selectivity  for  DP. 

4.  Gave  a  heat  of  reaction  that  was  lower  than  that  obtained 

with  pure  DCH  but  greater  than  that  obtained  with  pure  1-MDHN. 

Propane  Cracking 


The  reaction  of  propane  to  give  ethylene  and  methane  has  an 
endothermic  heat  of  74 0  Btu/lb.  For  this  reaction  the  equilibrium  propane 
avers  ion  is  95$  at  10  atm  pressure  and  lj40°F.  This  would  give  a  total 
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Table  4 1  ■  n^ROGH^ngLOLJjaE- 

- nrnr cwmETL  im 


cp  i-MEsy.njpRG^Liyr. 


Values  obtains^  with  pure  component*  ^owr.  in 

Catalysts  tt  on  Alto,  cla.l.KDHK 

Catalyst  voiua*t  7  ■!  49. 4^  bCH 

LHSV:  100  Q  ^  pc>{ 

Pressures  10  *t«  _ _ _ 


pun  Mo.  lOlOO 

Tenperature ,  *F 
Block 
Vail 

Catalyst  Bad 


ATatx,  *P,  catalyst  ted 

Product  Analysis,  %v 
trana-l-MDEN 
cis-l-MDHM 
DCH 

l-nrsn 

5-MTKM 

PCH 

i-Methylnephthalene 

DP 

Tield  PCH,  $v 

Conversion,  £v 
DCH 
MDHH 
Overall 

belectlvlty  lor,  7>v 
PCH 


WTHn 

Msthylnaphthelen* 

k,  sec  1 
DCH 

1-MDHK 

Overall 

itct»  kcal/siole 
DCH 


842 

706-12 

840-67 

610-22 

816-20 

G26-28 

27 


80.0 

(69.2) 

40.0 

(40.8) 

36.4 

63.6 

(83.5) 

0,731 

(0.600) 

0.498 

(0.329) 

0.606 


932 

763-70 

698-747 

650-60 

657 

671-66 

49 


33.2 

(36.6) 

66.8 

(63.5) 

17.6 

82.4 


0.993 

(0.762) 

0,698 

(0.367) 

0,776 


1022 

865-78 

777-925 

698-743 

707 

730-18 

148 


18.4 

(20.2) 

81.6 

(79.8) 

10.7 

89.3 


1.249 

(0.972) 

0.729 

0.953 


1-MDHH 

Overall 

Reaction  Heat  Sink. 
Btu/lb 
Mixture 
Pure  DCH 
Pure  KDHM 


555  ( 


sec 


879 


>  j* 


Te  np^rature,  F 
770 


F+ecsure:  10  Atm 
LHSV:  100 

Catalyst  Volume:  7  ml 
Catalyst:  1%  Pt  on  A12Q* 


Feed: 

6.1%  trans-l-MDHN 
43.9%  cis-l-MDHN 
49.4%.  DCH 
0.6%  PCH 


O  DCH 

□  1-MDHN 
V  DCH  +  1-MDHN 


1.35  1.40  1.45  1.50 

1000 /T,  °K 

Figure  31.  DEHYDROGEN A1  ION  OF  1-MDHN- DCH  MIXTURE 
TEMPERATURE  COEFFICIENT 


6  2  9  2  5 
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of  about  195^  Btu/ xb.  Under  conditions  ol  thermal  r  actjon  aoout 
equal  selectivities  for  the  deiiydroge  nation  of  propane  to  propylene  and  the 
cracking  of  propane  to  ethylene  and  me  thane  are  reported  in  the  literature. 

A  few  exploratory  experiments  were  carried  out  under  conditions  of  thermal 
reaction  using  free— radical  initiators)  anu  also  at  lover  temperatures  with 
variolas  catalysts,  to  test  the  reactivity  and  selectivity  of  propane  for  the 
cracking  reaction. 

Thermal  Reaction 


The  thermal  x-eaction  was  tested  in  both  the  standard  laboratory 
reactor  (l/2"  IPS;  5/8"  ID)  and  in  a  - unified  apparatus  using  a  l/4"  OD 
reactor  tube. 


The  tests  in  the  standard  react 
1022-1295° F  at  LHSV  of  20,  with  20  ml  of 
reaction  zone.  Under  these  reaction  e 
considerably  higher  then  were  observed 
example,  at  1295°F  about  2C $  propane 
pressure  (Table  42)  compared  to  only 
of  a  previous  report) -1)  Presumably 
longer  contact  times  at  the  higher  p: 
were  the  principal  reactions  during  t 
selectivity  for  the  dehydrogenation  r  ..  j 
^0^  while  that  for  cracking  (products  -a 
about  55$  (10  atm;  Table  42) .  The  re 
reaction  was  about  one  half  that  of  : 
first  order  rate  constants.  Thus  at 
0.08  sec-1  for  MCH.  Activation  enery 

m  ~  t - -  ~ A - -  - 

WCA  OA-lC 

of  reaction  was  only  175  Btu/lb  (129'  ) 


or  were  done  at  10  atm  pressure, 
quartz  chips  ( 10-20  mesh)  in  the 
iitions  propane  conversions  were 
•eviously  at  lower  pressure.  For 
rersion  was  observed  at  10  atm 
>  at  1  atm  pressure  (see  Table  16 
higher  conversions  were  due  to 
ire.  Dehydrogenation  and  cracking 
me  pyrolysis.  Thus  at  1295°F 
tion  (product  propylene)  was  about 
hylene  and  ethane  and  methane)  was 
‘  vity  of  propane  for  thermal 
: cyclohexane  (MCH)  based  on  the 
'F  k^,^  =  0.04  sec*1  compared  to 
m  propane  pyrolysis  'was  51.  h 
i^02o-1295°F  (Table  kg  .  Heat  sink 
due  to  low  conversion. 


Thermal  reactions  proceed  v.  a  free-radical  mechanism.  A  few 
experiments  were  carried  out  to  explore  trie  possibility  of  enhancing  the 
rate  of  thermal  reaction  by  the  use  <  i  free-radical  initiation.  These 
experiments  were  done  at  1  atm  press  ;,  1295°F,  and  as  a  propane  LHSV  of 
about  22.  Ally]  chloride  ( 1$) ,  methy  iodide  (10$),  and  hydrazine  (l$)  were 
tried  as  initiators.  To  carry  out  an  experiment,  propane  flow  was  started 
through  the  reactor  and  then  liquid  Initiators  were  forced  into  the  propane 
streams  at  the  top  of  the  reactor  by  syringe  pump.  The  flow  rates  were 
such  that  the  initiator  vaporized  completely  into  the  propane  stream.  These 
experiments  'were  carried  out  in  a  modified  apparatus  using  a  l/6"  OD  reactor 
tube  and  which  is  described  in  detail  in  the  Appendix.  The  data  for  the 
experiments  are  shown  in  Table  42. 


Very  little  enhanced  reactivity  was  observed  with  1$  added  allyl 
Loxide.  With  10$  added  methyl  iodide  the  overall  conversion  was  increased 
a  factor  of  three  (cf  runs  108  a;  110-1,  Table  42) ■  Considerable  coke 


ay 

accumulated 
'.v,_  re  s  c t or 


ing  the  runs  with  allyl  chloride  and  methyl  iodide, 


was  contacted  with  hi 


n  argon 


1Q22°F  for  16  hrs 


although 

between 


Fart  1 


Table  42.  THERMAL  REACTION  OF  PROPANE 

Catalyst:  Quartz  chips 

Catalyst  Volume:  20  ml 


Run  No.  10100- 

72a) 

73a) 

74_la) 

74-2a) 

110-lH) 

110-48) 

1088) 

Initiator 

<■ - 

-  none  - 

- > 

none 

1 1°  allyl 

105&  methyl 

chloride 

:odide 

LHSV 

< - 

20  — 

- > 

22  based  on  2.3  < 

cc  volume 

Prpf?ftirrr>  ft+.m 

1  n 

2^ 

- - - 

Temperature,  °F 

Bloch 

1022 

1112 

1202 

1293 

—  1295  - 

- V 

Wall 

1018 

1108 

1197 

1274 

Catalyst  Bed 

995 

1090 

1168 

1240 

Product  Analysis, 

He 

0.0 

0.4 

2.6 

9.2 

2.3 

2.0 

4.6 

CH* 

0.1 

0.7 

3.7 

10.5 

1.4 

1.5 

6.1 

C2H4 

0.0 

0.6 

3.2 

6.5 

1.4 

1.6 

3.5 

C£He 

0.0 

0.0 

0.4 

2.1 

0.0 

0.0 

0.1 

CaHe 

0.0 

0.5 

2.6 

6.7 

1.4 

1.6 

5.5 

C3H.Q 

99.9 

97.8 

87.5 

64.8 

93.5 

93.3 

80.2 

C^ie 

0.0 

0.0 

0.0 

0.2 

0.0 

0.0 

0.0 

CaHs  Conversion,  $m 

>0.1 

1.1 

6.6 

19.3 

2.9 

3.^ 

10.6 

Yield  CaHc ,  ^  m 

- 

0.5 

2.8 

8.0 

4.45 

x.7 

6.1 

Yield  C2H4  4-  C2He ,  $  in 

- 

0,6 

3.8 

10.6 

1.45 

1.7 

4.0 

First  Order  Rate 

- 

- 

o.o4o 

0.134 

Constant,  sec  -  * 

t>s  c.%}  jical / mole 

<—  51 

.4  — > 

a)  Carried  out  in  the 

standard  5/8"  ID  : 

reactor 

tube. 

bj  Carried  out  in  the 

iir.Au  > 

•C  A  -y» 

•  x  uur.  x 

castor  -with  the  l/4"  OD 

reactor  tube. 
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From  the  results  obtained  thus  fr r  it  did  not  appear  that  addition 
of  small  amounts  of  free-radical  initiators  would  enhance  the  propane  pyroly¬ 
sis  rate  appreciably.  No  furtner  experiments  are  presently  planned  although 
the  idea  has  not  been  discarded  completely  since  the  effect  on  the  rs.te  would 
be  critically  related  to  the  properties  and  abundance  of  the  free-radical 
species  generated.  Here  we  have  barely  scratched  the  surface. 

Catalytic  Reaction 

A  few  exploratory  experiments  were  done  on  the  catalytic  cracking 
of  propane  using  various  types  of  off-the-shelf  catalysts.  The  purpose  of 
the  work  was  to  see  if  propane  could  be  converted  catalytically  to  ethylene 
and  methane  at  temperatures  lower  than  those  needed  by  thermal  reaction. 

Seven  different  catalysts  were  tested,  including  two  platinum  on  aluminas, 
two  commercial  platinum  catalysts,  two  commercial  zeolites,  and  one  zeolite 
upon  which  platinum  had  been  highly  dispersed.  One  of  the  catalysts  was 
tested  in  our  standard  laboratory  reactor,  all  of  the  catalysts  were  tested 
in  the  modified  apparatus  with  the  l/k"  OD  reactor  tube.  This  latter 
apparatus  is  described  in  detail  in  the  Appendix.  Product  analyses  were 
carried  out  by  GLC  and  mass  spectrometry. 

A  Houdry  cracking  catalys+  (tl4o;  20  ml  volume;  10-20  mesh)  was 
tested  in  the  standaiu  xauoratory  x'eactor  (l/2'!  IPS)  at  932-1202°  F,  1  and  10 
atm  pressure  at  LHSV  of  20.  At  the  highest  temperature  onTy  3.5$  to  k.l$ 
propane  conversion  was  obtained  at  both  pressures  (Table  kj) .  The  catalyst 
was  inactive  at  1022° F  and  only  slightly  active  at  1112 0 F  (conversion  1$) . 

The  catalysts  were  tested  in  the  l/k "  reactor  at  572°-J022°F,  1  and 
5  atm  pressure,  at  LHSV  of  20.  Catalyst  of  2  ml  diluted  with  5  ml  of  quartz 
chips  (10-20  mesh)  were  used  in  these  tests.  The  data  are  tabulated  in 
Table  kj  in  which  the  product  distributions  shown  are  from  the  mass  spec- 
trometric  analyses. 

The  1$  platinum  qo  alumina  (our  standard  dehydrogenation  catalyst) 
and  the  U0P-R8  platforming  catalys-  (0.76$  Ptm  Al203)  were  the  most  active 
of  the  catalysts  tested.  With  these  catalysts  15  to  24 $  conversion  was 
observed  at  1022°F.  Dehydrogenation  was  the  principal  reaction  and  selec- 
tivities  of  79  to  89$  for  this  reaction  ( i . e .,  propylene)  were  obtained. 

Both  catalysts  were  quite  active  and  5  atm  pressure  and  1022° F  the  propylene 
product  concentrations  were  about  the  equilibrium  values.  The  activity  of 
both  catalysts  were  abe  the  same  at  5  atm  but  at  1  atm  pressure  the  U0P-R8 
appeared  somewhat  more  active  (1022°F). 

All  of  the  other  catalysts  tested  were  less  active  than  the  plati¬ 
num  on  aluminas.  Based  on  propane  conversion  at  5  atm  and  1022°F  the 
catalysts  in  order  of  decreasing  activity  were:  Zeolon  (Mordenite)  NH4  form; 
Shell  Hydrocracking  catalyst;  0.08$  Pt  on  Mordenite;  Houdry  M 46;  and  Zelon 
(Mordenite)  H  form.  With  these  catalysts  propane  conversions  ranged  from 
5  to  0 . 6$  (5  atm,  1022° F;  Table  ^4) .  None  of  the  catalysts  showed  activity 
at  '..*72°F  except  U0P-R8  with  which  about  0.5$  conversion  was  obtained  at 
a pressure. 

;  !  the  exploratory  tests  conducted  with  these  catalysts  it 
ppr-ared  '.hat  cracking  catalysts  and  reforming  catalyts  do  not  catalyze  the 
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propane  cracking  reactions  with  even  a  moderate  degree  of  selectivity.  It 
might  be  possible  to  develop  a  catalyst  more  selective  for  this  reaction 
but  we  have  no  plans  to  do  this  at  present. 


0  n  No.  10100 


Pro *#ure,  at* 

Temperature,  T 
Block 


75  76  77-1  77-2  79-1  79-2  79-3  79-4  80-1  80-2  81-1  8! -2 


< -  |  - ►  * - 10 - ► 

932  1022  1112  1202  932  932  1022  1022  1112  1112  1202  1202 


Reaction  Tiee,  «in 
Product  Analysis,  ta 


2  15 


h2 

0.3 

1.8 

- 

- 

0.3 

0.6 

2.9 

2.3 

ch4 

0.2 

1.6 

- 

- 

0.5 

0.5 

2.5 

2.4 

csh4 

0.0 

1.5 

- 

0.5 

0.3 

1.9 

1.8 

C*H8 

0.0 

0.0 

- 

- 

0.0 

0.0 

0.3 

0.2 

c,k8 

0.5 

1.9 

- 

- 

0.4 

0.4 

1.7 

1.7 

CjHg 

100 

100 

99.5 

93.2 

100 

100 

100 

100 

98.3 

98.2 

90.7 

91.6 

C3HB  Conversion,  1>b 

0.0 

G.0 

0.5* 

3.5 

0.0 

0.0 

0.0 

0.0 

0.9 

0.7 

4.1 

3.8 

CaH*  Gew*rt*d  to  C3H8, 

- 

- 

0.5 

2.0 

- 

- 

- 

- 

0.4 

0.4 

1.8 

1.7 

C3H8  Converted  to 
♦  CH4  f 

- 

- 

0.0 

1.5 

- 

- 

- 

- 

0.5 

0.3 

2.3 

2.1 

a)  Carried  out  in  tho  standard  5/8  ID  reactor  tube. 
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Conventional  Catalysts:  Preparation  and  Testing 

An  extensive  catalyst  preparation  program  has  been  carried  out  with 
the  object  of  discovering  catalysts  more  useful  for  endothermic  reactions. 
Specifically,  for  naphthene  dehydrogenation,  this  means  such  catalysts  must 
be  more  active,  or  have  other  desirable  attributes  such  as  greater  stability 
than  the  present  reference  catalyst  9^74-24  (1$  Pt/UOP  R-8  AI2O3).  Many 
catalysts  (224)  of  different  types  have  been. prepared  or  obtained  and  rapidly 
screened  for  activity  for  MCH  dehydrogenation  at  10  atm  pressure,  IHSV  100, 
and  at  662,  792  and  8426F,  in  the  microscale  test  rig  (MICTR).a)  The  purpose 
of  the  screening  tests  has  been  to  obtain  a  quick  comparison  with  the  refer¬ 
ence  catalyst  and  to  eliminate  catalysts  with  activities  too  low  to  be  of 
practical  importance.  After  the  initial  screening,  some  of  the  more  active 
catalysts  have  been  further  evaluated  in  the  bench  scale  reactor  with  MCH. 

If  warranted,  some  of  these  catalysts  will  be  later  evaluated  for  dehydrogen¬ 
ation  of  other  naphthenes  (e.g.,  decalin),  for  dehydrocyclization  (with 
2,5-dimethylhexane)  and  for  depolymerization  (with  tetraisobutylene) . 

Catalyst  Preparation 

Exploratory  Preparations 

The  majority  of  catalysts  have  been  prepared  by  impregnating  various 
supports  with  one  or  more  metal  salt  or  metal  complex  solutions,  followed  by 
drying,  and  reduction  in  situ.  Typically,  only  small  quantities  of  any 
particular  catalyst  have  been  prepared,  10-50  g.  The  amounts  of  metals 
employed  are  within  the  broad  limits  of  0.5  to  30$,  and  most  commonly  within 
the  limits  of  1  to  5$.  Virtually  all  of  the  individual  metals  in  the 
periodic  system  that  are  known  or  can  be  expected  to  have  dehydrogenating 
activity  have  been  studied  as  well  as  bimetallic  and  a  few  trimetallic 
combinations.  The  active  Group  VIII  metals  have  been  given  particular 
attention.  Ten  different  types  of  supports  have  been  employed.  These  are, 
commercial  aluminas  of  many  types,  charcoal,  graphite,  ferric  oxide,  silica, 
zirconia,  amorphous  alumina-silica,  three  crystalline  alumino-silicates 
(molecular  sieves),  and  diatomaceOus  earth  (celite).  In  addition,  a  number 
of  commercially  available  catalysts  have  been  included,  and  Shell  catalysts 
available  from  earlier  proprietary  investigations. 

Larger  Scale  Preparations 

Two  catalysts  were  prepared  in  relatively  large  quantities.  Both 
consisted  of  Pt  mounted  on  Harshaw  0104  alumina.  The  first  preparation 
(5  lbs)  duplicated  our  standard  laboratory  catalyst  (1$  Pt  on  1/8"  pellets) 
and  had  comparable  activity;  most  of  this  was  supplied  to  the  Fuels, 

Lubricants,  and  Hazards  Branch  of  AFAPL,  Wright-Patterson  AF  Base  for  in- 
house  studies. 

The  pellets  were  broken,  sieved  to  10-20  mesh  size  and  tested  in 
the  bench-scale  reactor  at  10  atm  pressure,  842-1022°F  and  IHSV  of  100.  The 
activity  of  this  catalyst  was  slightly  higher  than  that  of  the  standard 
laboratory  catalyst  (9874-7)  and  at  block  temperatures  of  842°,  932°,  and 


a)  bee  Appendix. 
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1022 °F  MCH  conversion  of  44.6#,  57#, and  73.2#  were  obtained,  compared  to 
40.8#,  54.8#, and  66.6#  with  the  standard  catalyst.  With  this  catalyst  a 
temperature  increase  of  l6°F  was  observed  during  a  30-nd-nute  run  at  1022°F. 
However,  in  another  4-hour  test  (1022°F)  no  catalyst  bed  temperature  increase 
was  observed,  duplicating  the  behavior  of  other  preparations  of  this  catalyst. 
The  reasons  for  this  difference  in  behavior  is  not  known. 

The  second  preparation  (1  lb)  consisted  of  0.7 6#  Pt  on  50-60  mesh 
alumina  and  was  supplied  to  United  Aircraft  Research  Labs  (E.  Hartford)  for 
asymmetric  heating  studies.  Because  of  the  fine  particle  size,  the  catalyst 
was  tested  by  forming  into  l/8"  pellets  and  fracturing.  It  had  a  high  bulk 
density  (0.88  vs  Q.52  for  the  MICTR  reference  catalyst)  and  somewhat  higher 
activity  (1.1  x  the  standard).  The  enhanced  activity  was  probably  due  to 
the  larger  amount  of  Pt  in  the  reaction  zone. 

Catalyst  Evaluation 

Supported  Platinum 

Of  the  many  different  catalytic  metals  and  metal  combinations  so 
far  tested  on  various  supports  for  dehydrogenation  of  methylcyclohexane 
to  toluene,  the  most  active  system  appears  to  be  platinum  supported  on  a 
number  of  high  surface  area  aluminas .  Some  of  the  other  supports  (types 
5,6  and  7)  lead  to  active  but  not  quite  competitive  catalysts.  The  results 
with  a  possible  alternate  support  (type  7)  are  discussed  below.  In  general, 
at  relatively  constant  total  platinum  content  the  dehydrogenation  activity 
rises  rapidly  with  increasing  surface  area  of  the  support  and  then  tends 
to  level  off  (cf  Table  45  and  Figure  32).  Activity  usually  does  not  rise 
much  beyond  a  total  platinum  content  of  4#  for  the  higher  surface  area 
supports.  A  typical  example  is  shown  in  Figure  33  for  a  Type  1  support. 

The  limiting  factor  is  undoubtedly  the  amount  of  platinum  which  can  be 
highly  dispersed,  a  function  of  the  extent  of  surface  area  of  a  particular 
support.  Activity  can  diminish  if  the  support  is  overloaded  with  Pt.  This 
is  shown  in  Figure  33  for  a  type  7  support  (this  is  a  dense  support,  so  the 
two  curves  are  not  on  a  comparable  basis).  Optimum  activity  is  obtained  with 
a  platinum  content  of  2#.  The  high  activity  is  partly  a  result  of  the  high 
catalyst  charging  weignt  per  unit  volume  (cf  catalysts  9874-111,  119A,  and 
119B;  runs  49,  144,  145,  respectively). 


Table  46  shows  the  first  order  rate  data  obtained  at  various  temp¬ 
eratures  and  LHSV  100  for  the  reference  catalyst  (9874-24)  and  for  one  of 
the  better  experimental  catalysts  (9874-200A)  at  LHSV  50,  100,  and  200.  Th^ 
test  conditions  were  closely  controlled  'and  the  average  temperatures  between 
the  block  and  the  reactor  tube  wall  have  been  used.  The  instruments  had 
just  been  calibrated.  The  difference  between  the  two  series  measurements 
did  not  exceed  45 °F  at  the  highest  conversion,  unlike  bench  scale  results 
where  differential  temperatures  of  ~170°F  or  mere  are  observed.  At  the 
highest  temperature  employed,  the  experimental  catalyst  has  about  twice  the 
rate  of  dehydrogenation  at  IHSV  100  as  the  reference  catalyst.  Figure  34 
shows  a  log  k  sec-1  vs  l/T  plot.  The  apparent  activation  energies  calculated 
from  Liiis  relation  are  19-3  and  15.2  ical/irole,  respectively. 
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Table  1*5„  MTS  DSSIPROftBMATIOt!  WITH  PLATINUM  ON  TYPE  1  SUPPORTS 
- - - - 


Cones itiona :  IJJSV  **  100,  10  atm  pressure.  temperetures  ar..>v:.  ec  to 
block,  Other  details  are  in  Table  7?  of  tfco  Appendix 


[  burfp.'e 
Area, xi 

Por- 

Vo1  ,me,c) 

Pt, 

Catalyst 

Hur,  No, 

Conversion  of 
Toluene,  $ 

No.  9«74~ 

+fg 

ml/g 

/V 

662 *F 

752*P 

842"F 

3SS 

-0.6 

2 

ICSA 

v4 

31 

63 

02 

5 

2 

107 

45 

x? 

03 

81 

-278 

-0.4 

2 

11  8a. 

7o 

34 

61 

86 

-?30 

-0. 45 

2 

152A 

34 

38 

67 

86 

-188 

-0-5 

2 

96 

31 

3° 

57 

74 

-175 

-1.3 

•t 

131 

80 

35 

53 

73 

-185 

~C,4 

0 

132B 

83 

37 

"56 

86 

l&lp1 

«rO*B 

1 

ref  24 

avg  of 

11  tests 

28  +  4 

52  i  5 

72  ±  7 

-100 

0.8 

1 

7 

111 

29 

53 

77 

-20 

- 

2 

112 

48 

30 

49 

67 

-0 

hollow 

2 

116 

50 

0 

0 

1 

a;  Measurement  on  similar  e ample. 

b)  Measurement  made  on  support. 

c)  Estimated  from  density, 

d)  Average  of  8  and  13  minute  samples. 


INFLUENCE  OF  SUFvFACE  AREA  ON  MCH  DEHYDROGE 


Type  7  Support 


33.  INFLUENCE  OF  PLATINUM  CONTENT  ON _MCH 
DEHYDROGENATION  ACTIVITY 
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Table  46. 

MCH  DEHYDROGENATION 

KATES  O'  EK 

RK KEREN 

fF  ANH 

IMPROVED 

rv*.  /at 

»  CA  FALYoTS 

Cone 

iltienr:  10  atm  pressure 

Temperature  vuilable 
LHSV  50.  100,  or  200 

Cat.  No.  9874 

msv 

uxeca  Tamp, 

Of 

Avg  remp 

opa) 

70  rjofi 
Conv 

Sec-1 

>>  O*  ,  \ 
Equilibrium0' 

24  (reference'0 

^  100 

662 

649 

24 

0.502 

48 

100 

752 

779 

49 

0.792 

55 

100 

842 

815 

68.(3 

1.46 

69 

20QAd) 

50 

662 

649 

37 

0.256 

60 

30 

752 

732 

69 

u.688 

77 

50 

84r 

83.2 

94 

a.  7 

95 

100 

662 

649 

30 

0.391 

60 

100 

752 

732 

63 

1.17 

70 

100 

842 

812 

07 

2.58 

88 

200 

662 

649 

.30 

0.780 

48 

200 

752 

732 

54 

1. 

60 

200 

842 

■31? 

70 

2.85 

71 

a} Average  of  block  temperature  and  lowest  temperature  measured. 

b)  of,  APL  TDR  64-100,  Part  II,  Figure  8,  p.  21  (Ref.  2). 

c)  1$  Pt/R~8  A1s03,  Surface  Area  l80  m^/g. 

d)  4$  Pt/H151  Al^Gg,  Surface  Area  350  nrg. 
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ences  between  the  E  values  calculated  for  this  data  and  for  the  rates  ob¬ 
served  in  the  bench  scale  equipment  is  undoubtedly  due  to  the  different 
bed  and  furnace  arrangements  in  the  two  apparatuses. 

Various  Supported  Metals 

A  number  of  metals  for  promoting  the  activity  of  platinum  on  alu¬ 
mina  and  other  supports  have  been  studied.  In  general  the  dehydrogenation 
activity  is  only  that  induced  by  the  platinum  metal  itself.  Small  improve¬ 
ments  from  incorporating  a  second  metal  oxide  in  alumina  support  (i.e. 
catalysts,  188A,  189A,  190A,  192A  and  19IAJ  runs  226,  233,  235,  24l,  and  256). 

Most  of  the  single  metals  or  bimetallics  on  alumina  or  other  sup¬ 
ports  ranged  from  inactive  to  moderately  active.  One  of  the  more  interesting 
metals  on  alumina  gives  activities  similar  to  that  of  platinum  although  at 
higher  metal  content  (i.e.,121A  and  121B;  runs  156  and  157,  respectively). 
However,  particularly  at  the  higher  temperature  (842°F)  such  catalysts  form 
benzene  as  well  as  •>  jluene,  and  »!?'■'  hydrocarbon  fragments  (i.e.,CH4).  An 
exothermic  reaction  develops  at  the  outlet  end  of  the  catalyst  reactor  tube. 
This  reaction  would  detract  from  the  total  heat  sink  available.  Such  a 
catalyst  was  found  to  deactivate  in  a  relatively  short  time  during  the  bench 
scale  test  and  this  is  probably  a  result  of  coking  (cf  page  29  ,  of  this 
report).  This  metal  on  several  other  supports  gives  about  the  same  activity 
as  the  reference  catalyst,  without  the  aforementioned  side  reactions  (i.e., 
l40A,  and  160B,  runs  90  and  140,  respectively). 

A  number  of  nonplatinum  bimetallics  on  alumina  are  about  as  active 
as  the  reference  catalysts  but  no  means  have  been  found  to  increase  their 
activity  further. (i.e. ,155C,  I56A,  157B,  and  177A;  runs  123,  128,  138,  and 
187,  respectively) . 

A  short  study  was  made  of  materials  which  could  be  used  to  coat  the 
surfaces  of  nonconforming  catalyst  shapes  so  that  platinum  could  be  replaced 
(i.e. , honeycomb  structures) ,a)  Sauereisen  cement  impregnated  with  platinum 
gives  an  inactive  catalyst.  On  the  other  hand  fibrous  acetate  stabilized 
alumina  (du  Pont  "Baymal")  is  a  good  support  for  active  catalysts  and  adheres 
well  to  aluminum  oxide  honeycomb  structures. 

Catalysts  on  Shaped  Supports 

Pressure  drop  through  packed  beds  can  be  reduced  by  utilizing  geo¬ 
metric  shapes  designed  to  minimize  resistance  to  flow.  This  possibility  has 
been  explored  briefly  by  using  a  du  Pont  "Torvex"  honeycomb  shape  as  a 
catalyst  support.  It  has  longitudinal  parallel  hexagonal  cellular  passages. 
(See  upper  portion  of  Figure  35.)  The  cell  size  was  l/8"  (cross-sectional 
area/hole  =  0.007  in. 2),  and  the  cell  walls  were  0.03"  thick.  The  overall 
open  area  of  the  catalyst  support  was  60$,  and  the  bulk  density  was  about 
40  lbs/ft3  (d  =  0.64).  This  configuration  provides  a  geometric  surface  area 
of  384  ft2  per  cubic  foot,  with  a  surface  roughness  of  ca  100  microns. 

A  catalyst  consisting  of  a  coating  of  Baymal  on  the  mullite  honey- 

a ) Desirable  to  minimize  pressure  drop  at  high  space  velocity  and  MCK 
conversion. 
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Figure  35.  LOW-PRESSURE  DROP  CATALYST  SUPPORTS 
Upper:  Straight,  Parallel  Cells 
Lower'.  Ciossflow  Cells  (Approx  45°) 
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comb  support  and  impregnated  with  platinum  to  give  0.8$w  vas  tested  in  a  5/8" 
ID  tube  at  18,  50,  and  100  LHSV.  Results  for  these  tests  are  shown  in 
Table  '<-7.  Typical  conversions  with  a  standard  laboratory  catalyst  are  also 
shown  for  comparison. 

Table  47.  DEHYDROGENATION  OF  MCH  OVER  SHAPED  SUPPORT 


Nonconventional  Catalyst  #9874-145 


Run  No. : 
Pressure: 

Bloch  Temp: 
Reaction  Time: 
Apparatus : 


IOIOO-389 
10  atm 
1022 °F 

10  min  each  condition 
Bench-scale  Reactor 


IHSV  = 

18 

50 

100 

Product,  Analysis,  $w 
Cracked 

1.7 

1.9 

0.1 

Trace 

MCH 

23.2 

23.9 

54.3 

66.3 

Benzene 

0.5 

0.7 

0.1 

Trace 

Toluene 

74.6 

73.5 

45.5 

33.7 

MCH  Conversion,  $w 

s  76.8 

Cat.,  '  » 

76.1 

45.7 

33.7 

Conversion  with  Pellet 

- 

97.0 

78.0 

a)  Standard  laboratory  catalyst  =  Tj&w  Pt  on  Al^Os;  1/16’’ 


pellets  in  an  annular  bed. 

These  lists  show  moderate  conversions  for  the  shaped  catalysts,  but 
less  than  with  the  pellet  catalyst.  The  two  catalysts  were  not  tested  under 
strictly  comparable  conditions,  however,  since  the  heat  transfer  path  for  the 
shaped  catalyst  was  of  the  order  of  10  times  the  distance  of  that  in  the  pel¬ 
let  bed.  Thus,  the  temperature  near  the  center  of  the  shaped  catalyst  might 
have  been  comparatively  cold.  The  true  surface  area  of  the  honeycomb  catalyst 
was  not  determined. 

The  catalyst  support  shown  in  the  bottom  half  of  Figure  55  will  be 
tried  next,  and  this  configuration  should  be  more  effective  since  the  cell 
passages  follow  a  zig-zag  pattern  from  wall-to-wall  which  will  improve  the 
heat  transfer.  Further  tests  are  planned  to  evaluate  other  configurations, 
and  on  a  comparable  tube  diameter  basis  with  the  packed  bed. 

Nonconventional  Catalyst  Systems:  Homogeneous  Catalysis 

Excellent  conversions  have  been  obtained  on  the  dehydrogenation  of 
MCH  and  other  naphthenes  over  packed  beds  of  solid  catalysts.  However,  the 
use  of  packed  beds  can  result  in  high  pressure  drops  at  high  gas  velocities. 
Although  considerable  improvements  can  be  made  by  suitable  selection  of  tube 
diameter  and  certain  catalyst  shapes,  the  problems  of  pressure  drop,  catalyst 
handling,  and  catalyst  rejuvenation  are  always  present. 

Despite  the  difficulties  associated  with  solid  bed  catalysts, 
alternative  schemes  are  not  simple,  and  no  proven  ones  are  available.  How¬ 
ever,  one  possible  approach  we  have  suggested  is  to  use  a  "throw-away"  catal- 
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yst  in  the  form  of  an  organometallie  compound.  Such  a  catalyst  should  best 
he  fuel-soluhle  and  stable  in  low  temperature  fuel  environmer+ a.  The  effec¬ 
tive  catalyst  agent  might  be  the  organometallie  cerpcun..  itself,  but  con¬ 
sidering  the  temperatures  required  for  high  equilibrium  conversion,  would 
generally  be  a  decomposition  product,  i.e.,  the  finely  dispersed  metal  or 
metal  oxide. 

Although  we  know  of  no  literature  precedence  for  dehydrogenation  by 
homogeneous  catalysis,  the  approach  offers  sufficient  advantages  to  warrant 
investigation. 

The  first  question  to  be  answered  was  whether  organometallie 
compounds  could  be  found  having  dehydrogenation  properties.  To  determine 
this,  a  small  autoclave  screening  test  has  been  set  up.  The  autoclave  is  of 
a  simple  stainless  construction,  about  200  ml  liquid  capacity,  and  equipped 
with  a  Magna-dash  stirrer.  The  maximum  operating  temperature  was  at  first 
limited  to  900°F  due  to  the  use  of  an  aluminum  heat  transfer  block. 

Temperature  is  controlled  by  a  VEST  Guardsman  Indicating  Pyrometric  Controller, 
which  is  a  taper  or  proportional  type. 

The  method  of  test  has  been  to  place  liquid  MCH  and  Ifa  catalyst 
in  the  autoclave,  which  is  then  tightly  sealed.  Oxygen  is  then  removed  by 
seven  repeated  pressurings  with  helium  to  200  psig.  The  pressure  is  then 
reduced  to  atmospheric,  the  valve  is  closed,  and  the  Magna-dash  and  heater 
are  turned  on.  The  average  heating  rate  to  900°F  is  about  3°F/ndn.  Upon 
reaching  900°F  the  temperature  is  leveled  out  and  held  steady  for  some 
convenient  length  of  time,  usually  under  three  hours. 

Pressure  and  temperature  are  read  versus  time.  The  plot  of  P  vs  T 
is  compared  with  a  reference  plot  obtained  with  the  same  amount  of  MCH  and 
no  catalyst  (see  Figure  36) .  A  fixed  amount  of  MCH  is  charged  each  t5.me. 

The  amount  selected7  7-**-l  g,  was  calculated  to  give  about  130  psig  pressure 
at  900°F  when  no  i unction  has  occurred.  Since  a  nonreactive  run  shows  a 
vaporization  curve  followed  by  a  nearly  perfect  gas  law  expansion  line, 
moderate  amounts  of  reaction  can  readily  be  observed  by  deviation  from  the 
reference  pressure-temperature  curve  during  the  run.  However,  absolute 
conversions  are  determined  by  GLC  analysis  of  the  reaction  products^ 

Table  48  shows  the  results  with  19  organometallie  catalysts  which 
have  been  tried  thus  far.  For  comparison,  an  additional  run  was  made  using 
R-8  Pt/Als03  catalyst  of  the  type  used  in  the  other  laboratory  Jenydrogena- 
tion  studies.  A  small  amount  of  reaction  occurs,  of  course,  v.  th  no  catal¬ 
yst,  as  shown. 

Although  none  of  the  organometallics  showed  large  conversions,  most 
did  give  seme  dehydrogenation  reaction  activity.  LR-8527-92  gave  the 
greatest  conversion  to  toluene  ( 1.8&)  and  the  largest  total  conversion  ( 

The  catalyst  compounds,  except  ferrocene,  were  decomposed  during  the  test. 


a~y  Basis  weight  of  metallic  element  and  MCH  charged. 
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While  i.he  results  «r?  not  very  impreeeive,  there  is  at  least,  en¬ 
couragement  to  continue  the  Investigation.  A  number  of  other  compounds  are 
on  hand  and  are  being  tested;  higher  tempera lures  will  be  explored;  and  the 
effect  of  the  presence  of  oxygen  will  be  examinee!. 


Table  48.  HOMOGENEOUG  CATALYSIS:  DEHYDROGENATION  OK  MCH 
V.  ITR  OHqAfiOMt'rrAlZlO  compounds 

Gteady -State  Temp  *  ca  yOO”F 


Orgar.ome  talli  c 
t  stalyaia ; 
Code  Number 

Composition  of  Products,  $ 

Toluene 

Benzene 

Methyl  Cyclo- 
Hexadiene 

Light*’) 

Products 

(*  ) 

Total  ' 

LR  8527-87 

0.1 

0.1 

0.2 

0.4 

-88 

0.1 

- 

0.1 

0.4 

0.6 

-89 

0.3 

0.1 

0.5 

0.2 

1.1 

-92 

1.8 

- 

0.5 

1.7 

4.0 

-93 

0.5 

0.2 

0.2 

0.3 

1.2 

-9b 

1.1 

Trace 

0.9 

0.4 

2.4 

-97 

0.5 

- 

0.7 

0.5 

1.7 

-98 

1.3 

0.1 

0.5 

0.2 

2.1 

-100 

0.4 

Trace 

0.7 

0.2 

1.3 

-101 

0.1 

- 

3.0 

0.6 

3.7 

-102 

0.1 

- 

0.6 

0.2 

O.S 

-103 

0.1 

- 

0.1 

0.2 

0.4 

-104 

0.1 

- 

0.3 

0.2 

0.6 

-105 

0.1 

- 

0.2 

0.2 

0.5 

-106 

0.1 

- 

0.3 

0.2 

0.6 

-107 

0.1 

- 

0.1 

0.2 

0.4 

-108 

0.4 

0.4 

0.1 

0.2 

1.1 

-109 

0.4 

0.1 

0.4 

0.5 

1.4 

-110 

0.1 

Trace 

0.1 

0.2 

0.4 

None 

0.1 

Trace 

0.1 

0.2 

0.4 

R-8  Pt/ALnOg 

41 

- 

n.  5 

0.5 

42 

a)  Organometallie  compounds  added  Jn  an  amount  to  give  l.’ojTmetal, 
basis  weight  of  MCH  charged. 


b)  Light  products  were  unidentified,  bun  were  lower  irol  wt  than  MCH. 

c)  Where  catalyst  ligands  obviously  contributed  to  the  products,  the 
theoretical  amounts  of  these  ligand  products  have  been  substr ac¬ 
ted  from  the  totals  determin.ed  by  GLC  analysis. 
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Thermal  Stabi  lty 


Effect  of  Oxygen  Concentration  on  the  Tnermal  stability  of  Naphthenes 


i,iic ri.iQi  oi,i  quality  of  current  Jet  fuels  appears  to 

be  under  control,  we  anticipate  that  higher  speed  jet  aircraft1)  will  bring 
with  them  a  new  round  of  fuel  stability  problems.  Moreover,  whenever  cooling 
demands  become  such  us  to  require  endothermic  fuels,  we  may  assume  that  every 
possible  wi  11  be  neceseei’y  i.c  rn teb  tiis  severe  "thermal  sisbilliy  condx— 

tions  of  t  .eir  use.  This  vill  entail  consideration  not  oily  of  the  proper¬ 
ties  of  th.;  major  fuel  hydrocarbons  themselves,  but  also  of  trace  components, 
contend  ns  ts ,  and  dissolved  oxygen. 


The  role  of  oxygen  in  fuel  thermal  degradation  has  certainly  been 
widely  recognizee, ?3)  and  various  investigators  have  reported  its  effect  on 
the  thermal  stability  of  jet  fuels. 24_2n)  However,  work  with  specific  pure 
hydrocarbons,  at  high  temperatures,  and  particularly  at  dissolved  oxygen 
contents  extending  below  1  ppm  appears  not  to  have  been  done. 


We  have  consequently  studied  two  naphthenes,  met hylcyclohexane  and 
decalin,  as  well  as  a  high  naphthene  content  jet  fuel,  under  conditions  where 
dissolved  oxygen  concentrations  ranged  from  air  saturation  down  to  the  ppb 
level.  (Properties  for  these  fuels  are  shown  in  Table  49.) 

The  tests  were  made  using  the  SD  Coker,  which  we  have  previously 
described.2)3)24 ) 


for  fuels  and  operating  conditions  such  as  used  in  the  present 
work,  vaporization  usually  takes  place  in  the  preheater,  the  vapor  then 
passes  through  the  filter  (usually  without  significant  pressure  drop),  cools 
and  condenses  in  a  water-cooled  heat  exchanger,  and  finally'  passes  through 
a  Grove  pressure  regulator  and  back  into  the  glass  reservoir  for  recycle. 

The  SD  Coker  was  operated  at  temperatures  up  to  900° F,  usually  at  250  psig. 
Preheater  tube  ratings  were  judged  in  an  Eppi  tuberator,  using  an  extended 
color  code  scale  (6  max)  for  each  inch  of  tube.  The  maximum  rating  is  the 
greatest  value  observed  at  any  area  on  the  tube,  while  the  total  rating  is 
the  sum  of  all  lp  ai'eas.  In  some  instances  we  present  the  total  as  well  as 
the  maximum  ratings.  We  have  now  built  and  are  testing  a  calorimeter  by 
means  of  which  we  hope  to  replace  these  arbitrary  color  ratings  with  heat 

ui  oiiLii  ck  ewe i.  x  u ci ent/  iriCuwuZ'ciTiCift'u « 


To  vary  the  dissolved  oxygen  content  of  the  test  fuels,  several  gas 
supplies  of  fixed  and  known  oxygen  concentration  were  previously  prepared  by 
suitable  partial  pressure  blending  of  pure  oxygen  and  nitrogen  in  standard 
nitrogen  cylinders.  Accurate  0z  concentration  measurements  were  then  made 
chrorvitographically . 

Prior  to  beginning  a  run,  the  fuel  was  thoroughly  sparged  with  the 
proper  equilibrating  gas.  Simultaneously,  the  coker  was  flushed  for  at  least 
an  hour  with  a  large  flow  of  nitrogen.  Since  the  SD  coker  was  used. in  u  fuel 
recycle  mode,  dissolved  oxygen  wa6  continuously  diminished  bc  reaction  in  the 
test  section,  but  was  resaturated  by  gas  sparging  in  the  fuel  reservoir. 
Saturation  was  ensured  by  following  the  dissolved  02  content  of  the  fruj. 
effluent  from  the  reservoir  while  increasing  the  sparge  gas  flow  until  the 
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dissolved  oxygen  concentration  no  longer  increased  with  further  increase  in 
gas  flow  rate.  After  the  run  was  started  and  the  test  sections  hud  reached 
thermal  equilibrium,  the  reservoir  oxygen  content  was  again  checked,  and  the 
sparge  gas  flow  further  increased,  if  required,  to  maintain  equiliDrium  dis¬ 
solved  oxygen  concentration* 

Where  dissolved  oxygen  levels  below  100  ppb  were  desired,  helium 
was  used  as  the  sparge  gas  (Op  ca  6  ppm).  Dissolved  oxygen  determinations 
were  made  using  a  chromatographic  technique  similar  to  that  of  Elsey,30-  and 
described  in  a  previous  report.3'  Although  base  line  stability  becomes 
limiting  at  high  sensitivity,  dissolved  oxygen  detection  at  concentrations 
below  50  ppb  were  found  possible  with  1  ml  liquid  samples.  Readout  wes  on  a 
1  mv  recorder,  and  peak  areas  were  determined  by  integrator  count  or  by 
plan! meter,  although  we  favor  the  latter  method  for  better  precision  at  low 
oxygen  levels.  Oxygen  was  easily  resolved  from  nitrogen  since  the  ratio  of 
emergence  time?  was  about  N2/O2  =  3- 

To  make  a  dissolved  oxygen  determination,  a  liquid  hydrocarbon 
sample  of  up  to  1  ml  was  injected  into  a  Vigreux  column,  where  helium  carrier 
gas  quickly  removed  the  air  from  the  liquid. 

Calibration  of  the  analyzer  was  accomplished  by  using  1-10  pi  samples 
of  hydrocarbon  of  known  dissolved  oxygen  content.  Such  standard  solutions 
were  obtained  by  saturating  liquid  samples  at  a  known  temperature. 

A  minor  problem  was  the  danger  of  contamination  with  air  in  sampling 
and  transferring.  Even  the  tip  of  the  hypodermic  needle  could  not  be  allowed 
to  come  in  contact  with  air,  particularly  when  measuring  dissolved  oxygen 
concentrations  be lev  1  ppm. 

In  the  f puree  presented  in  this  section  the  preheater  code  ratings 
re  .  <ent  averaged  values  of  two  or  more  replicate  determinations  per  set  of 
coi -  ~.ons.  Repeatability  of  coker  ratings  was  generally  within  il  p0r  max¬ 
imum  code,  and  to  within  ±5  for  total  ratings. 

Dissolved  oxygen  determinations  were  repeatable  to  within  5$  above 
1  ppm.  At  lower  levels  the  error  was  greater,  partly  because  of  the  great 
difficulty  of  avoiding  adventitiou"  contamination  on  sampling, 

Ir.  determining  the  effect  of  oxygen  on  deposit  tenueney,  a  series 
of  runs  was  made  at  a  selected  set  of  condition,  with  various  oxygen  con¬ 
tents.  Figures  37  and  36  are  typical  of  the  type  of  data  that  were  obtained. 
Figure  37  shov6  that  at  530° F,  MCH  iB  most  n  tponsive  to  O2  in  the  range  from 
1  to  4  ppm,  becoming  less  so  at  higher  values.  The  code  ratings  at  16.3  ppm 
is  uncertain  since  the  color  was  darker  than  8,  the  upper  limit  of  the  scale. 
Also  the  possibility  exists  that,  the  curve  should  sweep  -harply  upward  at 
about  3  ppm,  since  we  have  insufficient  data  to  know  whether  the  point  at  3-1 
ppm  is  high  oi‘  the  point  at  k.b  is  lew.  However,  with  coker  ratings  at  low 
C>2  contents  it  is  easier  to  err  towards  higher  ratings. 

In  Figure  38  we  see  that  the  thermal  stability  of  decalin,  at  550°F, 
remains  constant  over  the  entire  range  ot  15  to  300  ppm  oxygen,  which  corres¬ 
ponds  to  equilibration  with  geses  of  increasing  oxygen-content-in-Np  from  5^ 
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to  100^.  Below  15  ppm,  improvement  in  thermal  stability  is  marked,  but  tends 
to  level  out  towards  1  ppn,  A  critical  concentration  region  exists  between 
and  14  ppm, 

Flifure  59  snows  the  large  temperature  gradient  effect  on  douoLln 
when  the  dissolved  oxygen  content  is  only  0.6  ppm. 

With  good  control  of  oxygen  concentration,  pure  hydrocarbons  demon¬ 
strate  a  sharp  deposit-temperature  breakpoint.  This  is  illustrated  by  the 
behavior  of  MCH,  shown  in  Figure  Up. for  tvro  oxygen  concentrations .  The 
breakpoint,  for  MCH  is  increased  from  325  to  500°F  by  reducing  the  dissolved 
0e  content  from  00  to  3  ppm.  The  divergent  slopes  of  the  curves  demonstrate 
the  fact  that  oxygen  content  becomes  increasingly  important  as  the  tempera¬ 
ture  rises.  At  and  below  the  temperature  of  the  air-saturation  breakpoint 
(325 °F,  00  ppm),  oxygen  concentration  is  of  little  importance.  It  would 
appear  from  this,  that  there  would  be  little  to  be  gained  from  controlling  Qz 
content,  during  flight,  with  subsonic  jets;  but  with  supersonic  and,  partic¬ 
ularly,  with  iiypersonic  aircraft,  handsome  dividends  would  enBue  from 
rigorous  removal  of  02  from  the  fuel  prior  to  takeoff. 

In  Figure^ 4 1  a  similar  b)w«>  b~?“.!p  'ir*  io  for  Decaiin,  even 

at  air  saturation  conditions.  This  is  a  temperature  effect;  the  previous 
breakpoint  shown  (Figure  36)  for  Decaiin  was  at  constant  temperature  and  was 
due  to  oxygen  concentration  change. 

In  contrast  to  these  sharp  breakpoints  the  naphthenic  Jet  fuel 
displays  a  gradual  change  in  deposit  tendency  with  temperature  (Figure  4f), 
which  may  be  characteristic  of  hydrocarbon  mixtures.  This  broader  breakpoint 
may  be  related  to  the  existence  of  a  spectrum  of  reaction  rates  and  mechan¬ 
isms.  Differences  in  sharpness  of  breakpoint  have  also  been  noted  by 
Zengel. 3°) 


From  the  table  below  we  can  see  that  Decaiin  can  be  increased  in 
thermal  stability  by  as  much  as  20G°F  by  reducing  the  dissolved  02  level  from 
64  down  to  0.6  ppm.  The  improvement  found  for  MCH  was  175 °F,  and  with  the 
jet  fuel,  about  275°F,  with  the  ultimate  effect  nox,  yet  in  hand. 


Fuel 

Dissolved 

Oxygen,  ppm 

Tr.  —  Brsilcpoiiit 

•12 

9  4 

High 

Low 

A 

High 

Low 

A 

MCH 

80 

3 

77 

325 

500 

175 

Decaiin 

64 

0.6 

6>.4 

500 

700 

200 

Jet  Fuel 

40 

0.4 

39.6 

500 

775 

275 

(F-l) 


As  exposure  to  temperature  is  increased,  the  level  to  which  Oz  may 
have  to  be  reduced  is  indicated  by  the  curves  shown  in  Figure  4  5  for  ail 
three  fuels.  The  response  of  the  naphthenic  jet  fuel,  although  uncertain  in 
the  interval  500-725°F,  ehovs  increasing  thermal  stability  with  decreasing 
0 g  content  up  to  the  lowest  level  tested.  At  higher  02  contents,  its 
stability  falls  i-^low  that  of  dtcalin.  Maes  spectramstrie  analysis  of  the 
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jet  fuel  revealed  that  it  eonta . :  a  broad  spectrum  of  1,  £,  %  and  4- rlrg 
rye  lies.  The  possible  si  rnif  icar.ce  of  this  on  its  behavio:  is  discussed 
below. 


It  is  interesting  to  consider  the  effect  of  oxygen  concentration  in 
the  light  of  our  previous  efforts  to  tie  the  deposit  forming  reaction  to  the 
initial  reaction  of  oxygen  with  hydrocarbons.  If  the  initial  reaction  is 
assumed  to  be  the  interaction  of  a  free  radical  with  a  dissolved  oxygen 
molecule,  leading  to  the  for  mtion  of  a  chain  propagating  peroxide,  the 
disappearance  of  ft.  may  be  represented  by23' 


Rate  = 


-,i  0r 


>  iigil-lHOOHl 

i  +  *'WT 


(4) 


pQ, 


where  (RH)  is  the  hydrocarbon  concentration,  (liOOH)  is  the  concentration  of 
peroxide  formed,  Pq^  is  the  partial  pressure  of  oxygen,  and  k  and  k'  are  em¬ 
pirical  constants.  ^ Under  our  conditions.  (RH)  is  substantially  constant  for 
each  hydrocarbon  end  will  be  approximately  7.8  for  MCH,  6.1  for  deealin  and 
about  1.5  for  the  jet  fuel  (m/i). 


Under  high  oxygen  concentrations  the  partial  pressure  of  oxygen 
could  he  large,  and  the  rate  expression  would  tend  to  approach: 


Rate  =  k  '(RH)  (ROOM) 
s 

(5) 

Rate  .  ka  "(ROOH) 

(5a) 

being  proportional  to  the  peroxide  concentration  for  any  particular  hydro¬ 
carbon.  On  the  other  hand  at  very  low  oxygen  concentrations  the  expression 
would  approach: 


Rate  =  kfl  "r(ROOH)  PQ?  .  (6) 

If  the  assumption  we  made  regarding  the  roie  of  the  initial  oxidation  reac¬ 
tions  is  valid,  then  the  results  we  have  obtained  are  in  general  agreement 
with  this  thesis.  For  instance,  at  nigh  concentrations  of  oxygen  the  tendency 
to  form  deposits  appears  to  be  independent  of  Oo  partial  pressures  (following' 
Eq.  5a),  while  as  the  oxygen  content  is  lowered,  the  rate  (or  deposit  tend¬ 
ency)  decreases  (following  Eq. 6  i  i.e.,  giving  higher  T2>5  values.  Also, 
rates  would  be  expected  to  decrease  with  increasing  molecular  weight  for 
similar  type  compounds  since  they  have  lower  molar  concentrations .  Tendency 
to  form  peroxides  would  be  very  important,  also. 


The  failure  of  deeslin  to  follow  the  expected  behavior  below  3  ppm 
suggests  that  another  mechanism,  independent  of  oxygen  content,  is  coming 
into  play'.  Why  this  should  be  true  for  deealin  at  this  particular  oxygen 
concentration,  but  not  true  for  the  jet  fuel,  can  only  be  conjectured  at  the 
present  time.  It  is  remarkable  that  the  naphtlienic  jet  fuel  proved  to  be 
more  stable  than  deealin  at  low  oxygen  concentrations,  since  the  jet  fuel 
undoubtedly  contains  Cs_,  as  well  a  ;  Cc-ring  naphthenes.  The  -rings  have 
been  indicated  to  be  less  stable  than  the  under  conditions  where  sub¬ 
stantial  amounts  of  oxygen  are  present3'2'* This  may  not  be  true  under 
low  oxygen  conditions.  It  may  be  that  each  compound  has  a  characteristic 
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temperature  at  whit  t  becomes  indifferent  to  decreasing  oxygen  content,  no 
suggested  by  the  behavior  of  deeaiin.  When  the  fuel  consists  of  a  large 
number  of  compounds,  as  does  the  jet  fuel,  the  threshold  temperature  'will 
gradually  rise  with  decreasing  0^  as  successive  compounds  abandon  their 
dependence  on  oxygen  concentration.  In  this  case,  it  would  be  expected  that 
at  still  lower  oxygen  levels  the  jet  fuel  would  also  become  indifferent  to 
changes  in  tnis  parameter.  It  might  also  be  expected  that  the  proportion  of 
oxygen  in  the  deposits  would  decrease.  Another  expectation  would  be  that 
comparable  behavior  could  be  achieved  by  a  mixture  of  pure  ''cunponents  *  Both 
of  these  expectations  win  be  tested  in  future  work.  It  will  be  interesting 
to  observe  if  such  rei  ores  display  synergy. 

We  have  previously  reported  the  effect  of  structure  on  the  thermal 
stability  of  a  wi.de  variety  of  compounds.3.^4,  It  was  found  that  naphthenes 
are  generally  more  stable  than  aromatics  or  paraffins  of  comparable  mol 
weight  and  that  thermal  stability  increases  with  carbon  number  (and  so  also 
with  molecuier  weight  and  with  boiling  point).  6  eater  stability  of 

naphthenes  over  aromatics  is  surprising,  and  it  will  be  relevant  to  determine 
if  tnis  persists  c,l  very  low  0 2  concentrations.  In  the  ultimate  utilization 
of  naphthenic  fuels  for  endothermic  coding  of  high  speed  aircraft  the 
naphthenes  will  be  catalytically  dehydrogenated  to  aromatics  (and  Kp). 

Under  these  conditions,  the  oxygen  concentration  will  be  vanishingly  small. 
Results  obtained  with  the  GAFSTR  (see  below)  should  evaluate  the  thermal 
stability  of  such  mixtures  under  more  realistic  conditions. 

The  thermal  stability  of  naphthenes  is  strongly  dependent  on  oxygen 
concentration,  being  independent  at  high  levels,  improving  with  decreasing 
content  at  intermediate  levels  (1-10  ppm)  and  then  indifferent  again  at  low 
levels. 


Complete  removal  of  oxygen  increases  the  thermal  stability  break¬ 
point  by  about  200 °F. 

At  constant  0j>,  thermal  stability  increases  with  molecular  weight 
and  perhaps  with  mixture  complexity. 

Naphthenes  are  generally  more  stable  than  aromatics  or  paraffins 
of  comparable  molecular  weight. 

Dissolved  oxygen  content ,  which  has  been  perhaps  of  little  im¬ 
portance  to  thermal  stability  with  subsonic  jets,  will  have  to  be  rigidly 
controlled  to  a  level  below  1.0  ppm  in  fuels  for  future  hypersonic  aircraft. 
This  procedure  may  also  be  beneficial  with  supersonic  aircraft. 

Thermal  Stability  of  Reaction  Products 

Preliminary  Tests 


Fuel  stability  problems  of  endothermic  jet  fuels  involve  more  than 
merely  properties  of  the  tank  fuels.  Where  heat  sink  capacity  is  abetted  by 
endothermic  reactions  (e.g.,  dehydrogenation),  the  characteristics  of  the 
reaction  products  must  also  be  considered.  Moreover,  interactions  between 
catalyst  and  fuel  systems  may  produce  integrated  effects  i*ot  discernible 
from  the  separate  properties  of  eitner.  For  example,  fuel  composition 
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changes  or  admixture  of  chemicals  for  the  purpose  of  improving  fuel  thermal 
stability  can  have  seriously  harmful  effects  on  catalyst  life  and  reactivity. 

In  reverse,  variations  in  catalyst  properties  might  seriously  impair  therms, 1 
stability  of  reaction  products. 

As  a  first  step  in  the  assessment  of  reaction  product  thermal 
stabilities  we  looked  at  SD  coker  ratings  of  several  pure  aromatic  hydro¬ 
carbons,  af  shown  for  example  in  Figure  8  of  reference  24  and  as  discussed 
in  previous  reports. 1)2)3) 

In  a  second  step,  SD  coker  teste  at  675°F  were  made  on  thermal 
reaction  products  taken  from  FSSTR  runs  with  F-71  jet  fuel  (properties  shown 
in  Table  50).  Coker  data  for  runs  at  three  different  sete  of  FSSTR  operating 
conditions  are  shown  in  Table  51-  Results  of  these  tests  show  satisfactory 
thermal  stability  of  F-71  product  exposed  to  FSST11  temperatures  up  to  ca 
1000°F  fluid.  However,  product  material  from  the  12Q0°F  maximum  fluid 
temperature  run  gave  the  heaviest  deposits  ever  observed  here  in  a  coker  test. 
Moreover,  most  of  this  deposit  material  was  hard  and  unwipable,  as  shown  by 
the  ratings  in  Table  51.  These  tests  were  conducted  at  a  standard  dissolved 
oxygen  level  of  0.45-0.50  ppm.  Higher  oxygen  concentrations  would  probably 
have  resulted  in  even  poorer  thermal  stability  ratings. 

Catalyst  and  Fuel  System  Test  Rig  (CAFSTR)  Design 

To  be  adequate,  an  evaluation  test  for  endothermic  fuel  thermal 
stability  must  permit  examination  of  the  reaction  products  under  actual  ex¬ 
changer  conditions  and  with  minimum  time  lapse.  Conventional  fuel  cokers  are 
inadequate  for  this  purpose,  since  reaction  products,  on  sampling  and  cooling, 
may  further  react  to  form  condensation  products  of  decreased  thermal  stabil¬ 
ity.  Conventional  coker  results  are  also  suspect  with  respect  to  evaluating 
reaction  products  at  meaningful  conditions  of  reaction  and  use. 

To  meet  these  peculiar  requirements,  a  Catalyst  and  Fuel  System 
Test  Rig  (called  the  CAFSTR)  has  been  designed  and  built.  The  equipment 
schematic  is  show;,  in  Fig-are  44  and  the  completed  unit  photograph  in 
Figure  45. 


Fuel  flowing  at  a  design  rate  of  three  pounds  per  hour  is  heated  in 
a  series  of  three  annular  heat  exchangers,  then  passed  through  a  tube  reactor, 
and  the  product  effluent  further  heated  to  a  final  temperature  of  upwards  to 
1300°F.  Design  operating  pressure  is  to  1500  psig. 

Each  heat  exchanger  has  a  specific  function  and  may  be  operated 
within  closely  defined  liquid  temperature  ranges.  Beginning  with  E*  (see 
Figure  44).  the  first  exchanger  may  be  limited  to  sensible  liquid  heat  trans¬ 
fer  only.  If  the  operating  pressure  is  sufficiently  low  for  boiling  to 
occur,  Ea  becomes  a  vaporizer  and  will  convert  ell  liquid  to  vapor.  At  low 
pressure,  £3  sees  only  vapor  which  it  will  heat  to  the  predetermined  reaction 
temperature -  then  heats  the  product  fluid  from  the  reactor  to  some  higher 

temperature  limited  by  thermal  stability.  The  reactor  may  be  operated  either 
thermally  or  catalytl cully  and  consists  of  a  simple  straight  tube,  heated 
in  an  electric  x'urnace. 
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Properties 

F-71 

'  1 
] 

Gravity,  “API  at  60°F 

50.7 

Specific  Gravity,  60/60 

0,777 

j 

ASTM  Distillation,  °F 

IBP 

402 

1(# 

409 

20* 

410 

50* 

420 

90* 

467 

E.P. 

543 

I 

Recovery,  %v 

98.5 

'  ] 

Residue,  4 . 

1.5 

Vapor  Pressure,  psia 

300"F 

2.6 

500°F 

44.0 

Flash  Point,  °F,  P.M.C.C. 

180 

Freezing  Point,  °F 

-51 

Color,  Saybolt 

30* 

Kinematic  Viscosity  at  ~JOnF,  os 

13.6 

Aniline  Cloud  Point,  °F 

185 

-ini line  Gravity  Constant 

9805 

Sulfur,  #v 

0.003 

hfercaptan  Sulfur,  *v 

0.0001 

* 

Cu  Strip  Corrosion  at  212“F 

IB 

Luminometer 

104 

Gum,  Existent  (Steam  Jet),  mg/lGO  ml 

1 

Heat  of  Combustion,  BM/16  (Net) 

18,929 

* 

Water  Separometer  Index  (Modified) 

100 

Thermal  Stability,  CFR  Research  Coker 

(650/650%  250  psig) 

Pressure  Drop,  in.  Hg 

0.2 

Preheater  Deposit  Rating  (as  is/wiped) 

2/i 

. 

Hydroc arbon  Analysis, 

Paraffins 

82.9 

Naphthenes 

10.6 

Olefins 

5.1 

Aromatics 

1,4 

1 

Thermal  Stability,  SD  Coker,  450/500%  5  hr. 

1.5/16 

i 

Preheater  Deposit  ( Maximun/Total  Rating) 

1 

Pressure  Drop,  in.  Hg 

0 

.  j 
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TABLE  51 

SD  COKER  RATINGS  OK  F-71  JET  FUEL  THERMAL 
REACTION  PRODUCTS  FROM  THE  FSSTR 


Preheater  conditions:  6/s*F-  25*^ 
paig;  dissolved  oxygen  content, 

0.45-0,50  ppm 

j  FSSTR  Operating  Conditions 

SD  Coker  Preheater, 
Rating,  Max/Total 

Max  Fluid 
Temp,  eF 

Pressure, 

psig 

Space  Velocity, 
LHSV 

Wiped 

Unwiped 

855 

IO76 

1200 

890 

766 

770 

393 

256 

255 

0.5/  1 

0/  0 

7  M.  5 

3  /  7 
2/7 

S.  5/87. 5 

Following  the  product  heat  exchanger,  E-4,  the  fluid  passes  through 
an  orifice  to  simulate  a  fuel  nozzle.  Pressure  drop  across  this  unit  is  de¬ 
tected  by  a  Foxboro  d/p  cell  and  read  out  on  a  recorder. 

Direct  helium  irive  is  used  to  establish  fuel  pressure  while  fuel 
flow  is  controlled  by  a  needle  valve-operated  Foxboro  pneumatic  controller. 

A  five-gallon  stainless  steel,  unheated  cylinder  is  used  for  the  fuel  supply 
reservoir.  System  pressure  is  controlled  by  the  helium  drive  pressure 
regulator. 


Temperature  control  of  each  preheater  is  by  thermocouple  in  the 
effluent  fluid  temperature  of  eacu  particular  unit.  Temperatures  of  the  heat 
transfer  surface  and  of  the  liquid  adjacent  to  it  are  measured  at  inlet  and 
outlet  points  of  each  preheater,  and  curface  temperatures,  every  three  inches 
along  the  reactor.  Stetic  pressures  are  read  at  a  point  upstream  of  pre¬ 
heater  E-l  and  downstream  of  the  test  orifice. 

Further  design  details  may  be  found  in  the  Appendix  of  this  report , 

Tentatively,  the  test  length  has  been  set  at  about  four  hours,  but 
this  may  te  varied  if  desired. 

Evaluation  procedures  for  the  tests  likewise  have  not  been  final¬ 
ized.  However,  the  following  kinds  of  data  are  being  obtained  directly  from 
the  CAFSTR. 

A.  At  steady-state  test  conditions, 

1,  Pressure  drop  across  the  combined  neat  exchangers  and  reactor 
is  noteu.  If  this  item  proves  to  be  significant,  instrumentation  for  AP 
measurements  across  individual  units  may  later  be  installed. 

2.  Fluid  and  heat  transfer  surface  temperatures  are  recorded,  and 
any  changes  in  which  reflect  change  in  heat  transfer  coefficient  are  noted. 


149 


A  FA  PL-Tft-67*  !  14 


E  2s 

3  a 

—  tx 
•>  3 
i;  ^ 


a 

ti 

> 


62392 


■gure  44.  CATALYST  AND  FUEL  STABILITY  TEST  RIG  (SCHEMATIC) 
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3.  Total  rate  of  power  input  to  each  unit  is  control  lei  and 
recorded.  For  comparative  -uel  testl.^,  these  rates  are  pre -estimated  and 
preset,  based  upon  the  operating  pressure  and  the  desired  temperature  profile. 

4.  C  images  in  pressure  irop  across  the  test  orifice  are  also  con¬ 
tinuously  recorded.  The  sice  of  the  orifice  has  ueen  set  at  .Of-'  inches, 
hut  will  require  additional  experience  before  a  final  selection  can  be  ns de. 
Changes  in  AT  may  reflect  either  deposit  formation  or  changes  in  conversion. 

i>.  The  temperature  profile  of  the  reactor  wall  is  observed  to  in¬ 
dicate  loss  in  catalyst  activity  with  time. 

6.  Periodic  samples  of  the  product  gas  and  liquid  effluent  are 
taken  and  liquid  samples  are  tested  for  refractive  index.  Both  liquid  and 
gas  are  analyzed  for  composition  by  GLC.  A  continuous  material  balance  on 
liquid  and  gaseous  product  is  available  since  gaseous  products  are  measured 
continuously  through  a  wet  test  meter.  Hence,  catalyst  life  and  change  in 
selectivity  can  be  observed  over  the  time  of  test. 


B.  At  conclusion  of  the  test. 


1.  The  inner  tube  of  each  heat  exchanger  is  removed  ’rom  the  CAFSTR 
for  inspection  and  rating.  Although  semi -quantitative  visual  ratings  based 
on  ASTM  color  codes  have  been  made,  construction  of  a  calorimeter  is  now  com¬ 
plete  where  heat  transfer  coefficients  can  be  measured.  If  significant 


changes  in  li 

the  actual  CAFSTR  test,  this  data  may  also  be  used, 
the  calorinet. '?  tube rater  is  given  below. 


Lu-hcatuu  surfs  temperature  uiiiere.uce  are  observed  during 

Detailed  discussion  of 


2.  The  reactor  tube  is  opened  for  inspection, 
other  physical  effects  can  be  observed. 


Carbon  deposits  or 


3.  The  orifice  is  inspected  for  deposit  formation.  If  appreciable, 
such  deposits  can  be  measured  gravimetrically  since  the  orifice  plate  is 
small. 


CAFSTR  Testing 

The  CAFSTR  has  been  completed,  debugged,  and  is  operating  according 
to  design.  Only  minor  problems  requiring  simple  adjustments  v.;t=re  ^.countered. 

Preliminary  runs  'were  made  on  two  fuels  (F-71  let  Fuel  and  MCH)  at 
1C00  psig,  at  temperatures  up  to  1200°F  (metal  surface  ..emperature ) ,  at  both 
3  and  6  lb/nr  flow  rate,  and  with  ana  without  R-8  platinum  on  alumina 
catalyst. 


All  runs  were  4  hours  duration  and  were  made  at  a  calculated  dis¬ 
solved  oxygen  It -el  of  a  few  parts  per  billion  (ppb)  obtained  by  sparging 
with  helium  of  less  than  10  ppm  Or  content  while  the  reservoir  was  placed 
under  23  in.  Hg  vacuum. 

In  the  first  two  runs  with  F-71  jet  fuel,  at  3  lb/hr  flow  and  446 
and  500°F  maximum  temperatures  in  all  heat  exchangers  (without  catalyst)  the 


152 


AFT  F  L  *TR  -67-114 
Part  I 


product  fuel  became  amber  in  color,  but  no  deposits  were  formed  on  an y  of 
the  preheater  : ubes . 

On  further  testing,  F-71  jet  fuel  gave  no  visible  deposits  a4  temp¬ 
eratures  up  to  a  tube  surface  ienperavure  of  950 "F.  No  catalyst  was  charged 
with  this  fuel. 


With  MCH  at  5  JV./’hr  flow,  heavy  carbonaceous  deposits  occurred  m 
the  third  preheater  where  surface  t empe ra t ore a  of  1104  to  112 1'F  and  t  luld 
temperatures  of  10^7  to  1092 “ F  were  reached.  Some  streaks  of  carbon  appeared 
at  10?4°f/972°F  (surface/fluid).  However,  a  6-lb/hr  run  at  1024°F/972°F 
gave  a  virtually  clean  surface. 


In  preheater  No.  1  and  No.  2,  no  distinct  effect  of  flow  rate  was 
seen.  Black-brown  color  appeared  on  preheater  tube  No.  2  when  surface  temp¬ 
eratures  ranged  from  651  to  J2o°F}  but  whether  this  color  originated  entirely 
from  a  deposit  film  or  in  part  from  the  tube  surface  itself  could  not  be 
determined.  A  similar,  but  much  lighter,  color  was  observed  at  surface  temp¬ 
eratures  of  592  to  Ul9‘F  in  No.  1  preheater.  Changes  in  AT  (metal-fluid)  were 
observed  in  some  Instances,  but  further  experience  will  be  necessary  to  know 
whether  these  differences  were  significant. 


Preheater  No.  4,  which  follows  the  reactor,  was  exposed  to  surface 
temperatures  in  the  range  of  1150-1200“F  and  products  containing  up  to  4}  ncl 
percent  toluene  plus  small  amounts  of  cracked  hydrocarbons .  No  deposit  forma¬ 
tion  occurred;  the  light  yellow  colors  observed  were  apparently  due  to  the 
metal. 


The  question  of  luow  to  rate  the  preheater  tubes  must  now  be  an¬ 
swered,  since  visual  ratings  with  the  i’ppi  Tube  ra  tor  are  far  less  meaningful 
than  before.  At  high  temperatures,  the  presence  of  a  blue  coloration  of  the 
tube  metal,  plus  some  shades  of  yellow  and  tan  which  may  also  be  the  metal 
itself  (Inconel  600),  make  the  visual  evaluation  of  thermal  stability  both 
difficult  and  uncertain. 

An  experiment  was  run  on  the  C.AFSTR  in  an  attempt  to  clarify  the 
meanings  of  the  colors  observed,  since  the  tubes  often  appeared  clean  despite 
coloration.  In  this  rtu  the  CAF’STR  was  operated  with  helium  only,  at  a  flow 
low  enough  to  provide  negligible  heat  transfer  to  the  gas,  but  sufficient  to 
prevent  the  presence  of  air.  Rasul «.»  of  tills  test  are  summarizes  in  the 
following  chart.  Evidently,  with  the  situation  shown  here,  color  code  ratings 
are  meaningless,  and  visual  ratings  of  any  sort  are  quite  unreliable.  More¬ 
over,  the  "helium”  colors  cannot  be  assumed  to  be  the  colors  which  would  occur 
with  a.  nondegrading  hydrocarbon,  so  that  in  the  F-71  ana  MiH  runs  which  were 
made  it  is  impossible  to  know  Aether  the  colors  observed  were  due  to  purely 
temperature  effects  on  the  metal,  interaction  effects  between  the  fuel  and  the 
metal,  or  to  thin  deposits  formed  from  the  fuel. 
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CAF3TR  HEAT  EXCHANGER  TUBE  C0U3RAT10N  DUE  TO  TEMPERATURE 
IN  HELIUM8 j  ENVIRONMENT 


Preheater 

No. 

May  TijT>2 

Skin  Temp , 
°F 

Tube  Color  Description 

firvrvrvw 

-  *rr*  ■ 

Color 

Code 

i 

327 

Very  light  yellow 

1.5 

2 

>43 

Tan 

3.0 

'*> 

931 

Asserted  colors  =  copper-pink,  light  and 
dark  grey,  dull  blue,  and  dull  blue-pink 

3. 0-3. 5 

k 

97 

Light  copper  tan  with  soft  light  grey 
overlay 

0-3.5 

aj  Helium  contained  <10  ppm  C^.. 


Calorimetric  Tube ra tor 


There  lias  been  a  long -re cognized  deficiency  in  the  rating  of  coker 
tubes  by  assignment  of  an  arbitrary  color  code  number  using  the  Eppi 
Tuberatcr.  Although  coker  fuel  "break  points"  have  shown  remarkably  good 
agreement  with  the  minex  heat  exchanger  test,30  the  following  weaknesses 
in  color-code  ratings  have  been  recognized: 

1)  Deposit  colors  often  do  not  match  any  of  the  standard  code 
colors,  and  are,  at  best,  subject  to  operator  interpretation  and  hence,  large 
ei*ror. 

2)  Deposit  color  is  not  necessarily  a  measure  of  deposit  thick¬ 
ness  or  of  its  resistance  to  heat  flow. 

3)  At  high  temperatures  (particularly  with  metals  other  than 
aluminum)  the  tubes  themselves  may  display  a  vide  variety  of  colors  due  to 
oxide,  sulfide,  or  other  metal  reaction  product  films. 

U)  Code  ratings  do  not  reflect  the  total  area  covered  by  deposits, 
but  rather  the  maximum  color  density  within  an  area. 

Desirable  features  of  a  tube  deposit  rating  test  would  Include: 

1)  Repeatability  and  sensitivity 

2 )  Simplicity  and  speed 

3 )  Meant ng fulness . 

Thus,  one  might  wish  to  rate  tube  deposits  in  terms  of  'neat -transfer 
coefficients,  which  not  only  provide  relative  values  but  also  would  find 
direct  usefulness  in  design  work.  Unfortunately,  even  heat-transfer  coeffi¬ 
cient  measurement  is  a  function  of  temperature,  flow  velocity,  and  system 
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geometry,  so  that  the  best  one  can  probably  f'  :  r. 
th’e,  rapid  test  will  eh  w'  11  reflect  in  a  rwlitl*  •.-«» 
affect  heat- -transfer  rates. 

Oar  concern  with  this  problem  has  lea  ub  to  a  direct  calorimetric 
approach.  The  apparatus,  now  nesr.i ng  collet. ion,  (see  Figure-  16)  consists 
of  a  stainless  steel  p-evar  flask  it:  which  t  o  preheater  tale  is  immersed 
to  above  the  nested  zone  ii?  water,  and  the  top  of  the  flask  is  closed  by  a 
split  etyrofe  «jfi  stopper.  Tliei-mc couple  and  power  leads  enter  through  tightly 
flitting  hole,  in  the  shopper,  through  vhi  re  also  parser  a  not  or-drlveu 
stirrer. 


io  rone  up  v  ' 1  s  sens'- 
W  H  y  N  W  the  to'  :‘ii  i  1  ept  51  -  i  *  •  -T 


One  thermocouple,  welded  to  the  inside  of  the  preheater  tube  shell, 
will  be  used  to  control  constant  iiietal  temperature  by  use  of  a  Berber- 
Colman  controller,  wldLle  a  second  thermocouple  opposite  the  first  in  the 
liquid  gives  the  water  temperature,  which  will  be  read  out  on  a  Honeywell 
strip  recorder.  Power  to  the  preheater  tube  will  be  supplied  tlircugh  a  SOIA 
constant  voltage  regulator  and  a  variac. 

As  planned,  the  test  will  consist  of  holding  the  tube  shell  at  a 
constant  temperature  of  about  200 °F  and  measuring  the  time  elapsed  while 
heating  the  stirred  water  (ca  2  quarts)  from  about  TO  to  170CF„  Average 
overall  heat  transfer  coefficients  will  be  calculable,  but  the  time 
measurement  is  expected  to  be  more  sensitive  for  relative  ratings.  Therefore, 
it  is  proposed  to  define  the  deposit  rating  as. 

Time  elapsed  with  dirty  tube  ^  l0Q 
Time  elapsed  with  clean' tube 

In  this  way,  ratings  above  100  will  represent  loss  in  heat  transfer  due  to 
the  deposits.  Time  of  the  test  is  expected  to  be  of  the  order  of  3600 
seconds.  Calculations  indicate  an  expected  lower  limit  of  deposit  thickness 
detection  of  about  0.0002  in.  Evaluation  tests  on  clean  tubes  will  be  made 
first,  followed  by  tests  on  tubes  coated  with  aerosol  sprayed  lacquers. 


Fuel  System  Simulation  Test  Rig 


The  Fuel  System  Simulation  Test  Rig  (FSSTR)  has  been  described  in 
detail  in  the  three  annual  reports  associated  with  the  preceding  contract  on 
this  subject, 1)*)3)  therefore  no  description  of  the  unit  will  be  included 
here.  However,  a  flow  scheme  is  repeated  as  Figure  k'f  for  convenience. 


During  the  past  year  five  different  studies  have  been  conducted  in 
the  FSSTR.  These  tests,  which  are  reported  here,  were  carried  out  in  the 
following  sequence: 


Thermal  Cracking  of  Fuel  F-71 

Catalytic  Dehydrogenation  of  MCH  in  3/4"  Reactor 
Thermal  Cracking  of  Propane 
Catalytic  Dehydrogenation  of  Propane 
High  Heat  Flux  Study  (in  progress  1 
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No  modifies  lie  .s  to  the  unit  were  made  prior  to  the  first  of  these  tests. 

There  were  changes  mate  during  subsequent  operations,  however,  which  ere 
described  luter  in  the  appropriate  sections. 

Thermal  Cracking  of  Fuel  F-71 

The  program  of  tests  for  studying  the  thermal  reaction  of  i'ie  highly 
paraffinic  jet  fuel  F-71  (see  Table  and  Tati-  55  of  this  report  for 
characteristics  of  this  fuel)  has  been  completed.  The  range  of  variables 
covered  during  these  tests  is  outlined  in  Table  > 5. 

Tables  5j  and  54  pi  ser t  the  operating  data  summary  and  product 
recovery  and  analytical  data  for  the  previously  unreported  tests.  Previous 
work  on  this  system  was  covered  in  Tables  7?  and  74  of  Reference  3.  No 
further  work  using  this  fuel  is  presently  anticipated. 

Inspection  of  the  product  distribution  data  of  Table  54  clearly 
shows  that  increasing  pressure  and  decreasing  flow  rate,  both  tending  to 
increase  residence  time,  result  in  cracking  larger  fractions  of  the  feed  to 
gaseous  products.  However,  it  is  also  apparent  that,  over  ihe  ranges  studied, 
these  variables  have  only  minor  effect  on  total  heat  sink  availability  at  a 
given  fluid  temperature.  As  illustrated  in  Figure  48,  changing  IitSV8)  from 
360  to  139  inci eased  the  heat  sink  by  <10$.  Pressure  variation  (from  300  to 
900  psig)  had  even  less  effect.  Heat-transfer  coefficients  did  not  show  any 
unexpected  characteristics,  varying  from  about  85  to  450  Btu/hr/sq  ft/°F. 

The  change  in  reaction  with  temperature  and  flow  rate  is  shown  in 
Figure  4g  where  the  gas  produced  and  change  in  paraffin  content  of  the  product 
liquid  is  presented  as  a  function  of  temperature  at  the  three  space  veloci¬ 
ties  tested.  This  indicates  that  the  maximum  conversion  of  the  original  feed 
material  is  about  60$  at  the  highest  temperature  employed. 

Coke  formatio-  esulted  in  very  erratic  operation  during  the  900 
psig,  1200°F  runs  at  both  560  and  1J0  IiiGV,  It  appeared  that,  periodically, 
coke  particles  would  partially  plug  the  pressure  control  valve  and  then  break 
free  when  the  /alve  would  open  to  maintain  the  set  pressure.  This  resulted 
in  fluctuating  pressure  and  flow  which  in  turn  caused  temperature  cycling. 
During  the  previously'  reported  tests,  operation  had  been  satisfactory  at 
1?00°F  at  750  psig  and  255  IliSV  but  serious  coke  formation  occurred  at  1248 °F. 
Thus,  while  we  have  been  unable  to  determine  any  loss  in  heat-transfer  coeffi¬ 
cient  resulting  from  coke  deposition.  It  would  appear  that  a  realistic  upper 
limit  of  ca  1150°F  resulting  in  a  total  heat  sink  of  1000  to  1050  Btu/lb 
seems  to  be  indicated.  Tills  would  be  some  200  Btu/lb  above  the  heat  sink 
available  from  sensible  and  latexit  beat  only. 

Our  results  have  been  compared  qualitatively  with  those  obtained  by 
Kutzko  in  his  hot  air  heated  calorimeter.®3'  Although  insufficient  data  were 
given  in  the  reference  to  make  an  unambiguous  quantitative  comparison  it 
appears  that  the  heat  sinks  obtained  by  him  with  a  special  JP  fuel  (cf 
Table  55) are  entirely  concordant  with  ours.  The  composition  of  the  cracked 
gases  is  axeo  generally  the  same. 


a!  Calculated  on  the  volume  of  one  10-foot  section. 


158 


AFAPL-TR-67-lU 
Part  I 


TABLE  52 

FSSTR -THERMAL  CRACKING  OF  FUEL  F-71: 
SUMMARY  OF  OPERATING  CONDITIONS 


Section  III  Inlet  temperature  970-1010°F 
LHSV  based  on  Section  III  volume  only 


Nominal 

LHSV 

Nominal 

Pressure,  psig 

Section  III 

Exit  Fluid  Temp, 

"F 

1J0 

500 

1090-1196 

130 

750a) 

IO99-II7U 

130 

900 

1085-121«»b^ 

£>5 

75Ca) 

1122-1200-1248^ 

360 

500 

1067-1201 

360 

750 

1068-120; 

36C 

900 

1063-1215b) 

A  A  t 

**v.  •  ♦WWW  NVW  M* 

to)  Cote  formation  seriously  affected  these  runs. 
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TADLE  53 

FSSTR -THERMAL  GRACKIM1  OF  FUEL  F-7jL  -  DATA  S1M!ARY 


I)  f  t*N  <A  ()  cwIwiitm  JrM  jtin  liyut  u*4  ImI  hMt  T.C.  r*«dln$«  »*  tho*>  pelwt*  w«  «t  Hm. 

M-IimIw  tnHtciMt*  ior  Umhi  I mf  b**M  m  thmt  tMjwttvrM. 

t)  1/  1*4  *1  *in[>r  *Ti‘  «M  MiMla'M  ImI*  \tb$  Mil  tiapriWa* 

«  -  l„  -  If  <M  *,  l««  •  !g-l  'l 


(CvtlwW) 
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TABLE  5U 

FSSTR-THERMAL  CRACKING  OF  FUEL  F-71: 
PROUJCT  RECOVERY  AND  ANALYSES 


K..J)  I  im- 


IS#-|  168-1  188*  J  186-  I  191* 


!95-*>!  191- |  191-  j  ltS-*)  I 


Dm  rati  no  Condition* 

LHSTfc) 

Fr***.,  r) 1 g 

9m  fitted  Tttfi  “F 
Uni  ia  Fu*l,  btu/ib 

rrtduc*  btcMtrjf  ,  li 

Product  Distribution,  U 

Cm 

Product  &*1  Conpocil'OA 

Spec  U 

It* 


I  Product  Liquid  Coupooltion 


tLC  «n»l»ll,,  U 
C. 

C. 

C. 

C. 

C. 

C. 

C, 

c. 

C. 

Ci. 

C.i 

Cl. 

Ci. 

Ct. 

Ci) 

Cl. 

Cl, 

r.. 


IfcXJ  \  13:13  I3:»i  15:30  I  St  50  U:fO  IS:P0  «4:IO  13:40  15:00  16:00  15:30 

360  B  360  360  360  Jffl  130  )«  11!  Ill  IN  130  9 DO 

502  7*1  90'/  494  750  900  490  76?  694  49?  765  (850)  300  (tilt) 

i«>  1068  1068  1 70«  1703  I?I5  1090  1099  IIW5  .196  II 74  !»M  ! 200 

8W  140  637  1083  1 UM  »l?4  STS  98!  9?9  1 1  SC  M3l  ll»  IKO 


<101)**  {IW)*M  95  100  102  I0v  j  S3 


t«)£)  (9)CM  10  W  33  3? 

94  1  91  90  71  67  63 


»!W  !  03  101  !04 


70  |  21  43 

BU  I  73  57 


4?  |  51  « 

58  :  49  NR 


24  !5.l 
9  13.1 

15  1 3,6 

16  27.8 

M  IM‘C  M 


Stta^SpK  Analysfi,  U 

C^fin.,  91.7  81.0  75.9  73.2  61.5  50.!  43.1 

C^,n  3.4  13.2  17.7  1  9.8  25.7  28.5  28.! 

C^fn.8  3.1  3.8  4.3  4.7  5.9  9.3  10.' 

t^a  I.?  3-3  4.! 

CflH,,,.*  1.3  1.5  1.7  1.9  3.5  5.2  8.1 

CnH.nu  .7  .6 

Cnhn-io  «* 

gjWtt _ 1  .5  j  .4  |  .4  .4  .4  .6  .' 

•)  Data  ropoatad  fro*  pr*v1 oua  oar* - 
6)  LHS9  b**td  9(\  clngla  10-41  rotclar  aactlon. 

c)  Calculatad  tatuairtg  ®  of  product  40  alailor  to  otha  rune. 

d)  NR  •  fvot  ropot'tad. 

#)  cf  Rafor-onca  AS0-TM^2-920  Part  II,  January  1964,  Aohland  Spacial  JP-6. 
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TABLE  55 

DESCRIPTION  OF  JET  FUELS 


Properties 

r-71 

Ashland 

Special 

TT>  £ 

%r  1  ’V 

Gravity,  'API  at  60CF 

50.7 

46.4 

Specific  Gravity,  60/6 0 

0.777 

O.796 

ASTM  Distillation,  ”F 

IBP 

402 

335 

10? 

409 

342 

20j 

410 

- 

50^ 

420 

352 

9<# 

467 

570 

E.P. 

543 

400 

Recovery, 

98-5 

99.0 

Residue,  $v 

1.5 

1.0 

Vapor  Pressure,  psia 

300°  F 

2.6 

500'F 

44.0 

Flash  Point,  "F,  P.M.C.C. 

180 

122 

Freezing  Point,  ®F 

-51 

-80 

Color,  Sayboit 

30+ 

- 

Kinematic  Viscosity  at  ~30°F,  cs 

13-6 

6.24  (-40) 

Aniline  Cloud  Point,  “F 

185 

155-5 

Aniline  Gravity  Constant 

9805 

6287 

Sulfur, 

0.003 

0.C3 

Merc  a  tail  Sulfur,  fa 

0.0001 

<0.001 

Cu  Strip  Corrosion  at  212°F 

IB 

1A 

Luminometer 

104 

Gun,  Existent  (Steam  Jet),  ag/100  ml 

1 

0.6 

Uoji-f  rtf  b.m/I6  (Mot) 

18,529 

l8,5CC 

Water  Separometer  Index  (Modified)  .  . 

Thermal  Stability,  CFR  Research  Coker 

100 

- 

Pressure  Drop.  in.  He 

0.2 

Preheater  Deposit  Rating  (as  is/wiped) 

Vi 

Hydrocarbon  Analysis,  fa 

82.9 

Pareffins 

- 

Naphthenes 

10.6 

- 

Olefins 

5.1 

2.3 

Aromatics 

1.4 

10.8 

Thermal  Stability,  SD  Coker,  450/500'F,  5  hr, 

1.5/16 

0«> 

Preheater  Deposit 

6? 

0 

0 

— 

a)  Erdco  Coker,  450/550- 

b)  cf  Table  50- 
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Catalytic  Dely  jrogemtlon  of  MCH  in  5/4"  Reactor 

Prior  to  beginrung  this  study  the  foil. wing  changes  were  made  in 
the  Fuel  System  Simulation  Test  Rig  ( FS3TR ) : 

1.  A  24-point  temperature  recorder  was  substituted  for  the  16- 
and  6-point  instruments  which  had  her--  used  previously.  This  allows  all 
reactor  temperature  profile  points  t. .  be  printed  out  or.  a  single  chart. 

2.  A  l/l»:!-OD  reactor  tube  wae  installed  n  reactor  section  HI, 

3*  Power  cables  to  Section  III  were  doubled  and  heavier  bus  bars 
were  welded  to  the  reactor  couplings  to  liandle  the  anticipated  heavier 
electrical  load. 

4.  Tlier.'nocouples  were  attached  to  the  four  bus  bars  to  monitor 
those  temperatures, 

5.  Thermocouples  were  also  wired  on  the  necked -down  adapter  ends 
of  the  3/4"-reactor  section  where  tube  wall  temperatures  would  be  expected  to 
be  the  highest. 

In  order  to  provide  an  extension  of  the  experimental  data  used  to 
develop  the  computer  program  for  predictions  of  reactor  performance  a  program 
of  test  runs  has  been  carried  out  using  the  MCH/U0P-R8  system  in  a  3/4 *'~0D  x 
ca  10-foot  long  reactor  tube,  A  sketch  of  the  reactor  section  is  given  in 
Figure  30. 

A  total  of  seven  runs  were  performed  covering  the  range  of 
operating  conditions  outlined  in  Table  36.  The  target  for  these  teste  was 
set  at  attaining  a  conversion  of  95$  at  about  75  IHSV.  Nominal,  bed  inlet 
conditions  were  set  at  900  pslg  and  900°F.  For  the  bed  volume  used  (627  cm3 
or  0.1657  gal)  this  required  a  feed  rate  of  ca  12.5  gph  and  on  the  basis  of 
1000  3iu/lb  heat,  sink  in  the  catalyst  section  a  power  input  i.f  80,300  Btu/hr 
or  23.5  KV  was  inquired.  For  the  0.60  ohm  reactor  resistance  this  corres¬ 
ponds  to  a  current  of  6?7  amps.  While  the  rated  output  of  the  weldi ng 
machine  used  ?>s  a  power  supply  was  65O  amps,  the  first  series  of  runs  showed 
the  low  efficiency  of  the  transformer  (ca  4 5$  at  maximum  rated  load)  would 
prevent  reaching  this  goal  'without  first  providing  an  increased  prink- ry 
current  supply. 

Series  £915-198  was,  therefore,  limited  to  a  power  input  of  ca  £  kv 
or  27,000  Btu/hr  to  the  catalyst  section.  For  the  second  series  (1001.8  .5)  « 
Hunterdon  Variable  Reactance  Transformer  was  used  as  the  power  supply.  The 
superior  efficiency  of  this  transformer  permitted  operation  at  a  maximum  of 
ca  40,000  Btu/hr  which  gave  96$  conversion  at  37  IHSV  end  62$  at  J2  UiSV. 
Installation  of  i  larger  circuit  breaker  (125  amp  at  '*80  v)  and  heavier 
pri  vary  wire  to  the  welding  machine  was  then  completed  and  the  final  series 
of  runs  was  made  reaching  the  desired  conditions  (97%  conversion  at  80  LHSV). 

A  complete  data  summary  for  all  runs  is  presented  in  Table  57. 

To  minimize  the  current  through  the  bus  bar  leading  to  the  coupling 
between  Sections  II  and  III  no  power  was  supplied  to  Section  II.  Typical 
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operations  then  had  the  preheaters  raising  the  feed  temperature  to  ca  600°F 
and  Section  I  further  heating  to  about  900°F.  Figure  51  shows  the  temperature- 
profile  for  the  final  run  of  the  program  (highest  power  input). 

Experimental  results  were  much  as  predicted  by  the  computer  program. 
A  full  analysis  of  the  conparison  of  predicted  and  experimental  data  is 
presented  in  a  later  section  of  this  report.. 

Dehydrogenation  of  MCH  to  toluene  was  quite  clean,  selectivity 
ranging  from  92  to  98*5$  and,  as  pointed  out  in  the  following  tabulation, 
selectivity  increased  with  extent  of  reaction. 


LKSV 

MCH  Conversion, 

.  * 

Selectivity 
for  Toluene.  ^ 

37 

64 

92 

37 

98 

96 

77 

43 

95 

72 

62 

96 

8o 

77 

98 

80 

97 

99 

(Bed 

inlet  conditions  ca 

900  psi  g  and  900' 

for  all  above  testa) 

liquid  products  formed  other  than  toluene  were  predominantly  C7H14  isomers  of 
MCH.  Gas  product  samples  from  each  run  were  analysed  by  mass  spectrometer 
and,  except  for  Run  10018-5-13:20,  were  all  pure  Hs  (plus  noncondensed  MCH 
and  toluene).  In  that  run,  the  low  feed  rate-high  conversion  case,  ca  0.2*4 
CH*  and  O.Vfu  C2Ha  were  found  in  tfcc  camples. 


A  single  catalyst  charge  which  had  been  initially  activated  by 
heating  in  a  N2  stream  at  1100°F  for  two  hours  was  used  for  these  tests  during 
vhi  9  total  Of  1028  VOl  Of  feed/vol  of  catalyst  was  processed.  No  evidence 
of  catelyet  deactivation  waa  noted.  A  auaoary  of  the  catalyst  charge  operat¬ 
ing  history  is  given  in  Table  50. 


In  the  course  of  these  tests  Borne  additional  data  points  were 
obtained  from  Section  I  on  heat  transfer  to  MCH  in  an  empty  3/S"-0P  x  0.049”- 
wall  tube.  A  comparison  of  these  points  with  the  Ditius-Eoelter  correlation 


N„  /N_ 
Nu7  Pr 


0,4 


0.8 


=  0.023  N 


.ae 


is  shown  in  Figure  52-  A  tabulation  of  the  dimensionless  numbers  calculated 
for  tne  various  data  points  is  included  in  Table  59.  (Previous  data  on  this 
correlation  was  reported  in  reference  3,  Figure  66  for  fuel  F-71  and 
Figure  70  for  MCH.) 

Other  than  the  power  supply  problem  described  aoove,  the  unit  oper¬ 
ated  satisfactorily  during  these  tests.  However,  we  have  about  "eached  a 
limit  on  power  which,  can  be  supplied  to  the  3/4”  reactor  section  as  it  is 
present.! y  constructed.  At  the  maximum  power  used  (Hun  10018-9-14:00)  the  tube 
wall  temperature  at  the  necked-down  tube  entrance  reached  1235 °F  as  measured 
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by  a  wired-on  thermocouple.  While  this  is  not  an  unsafe  condition,  the 
temperature  level  at  this  location  was  increasing  rapidly  with  power  input 
and  further  power  increase  seems  •unwarranted. 


Table  56.  FSSTR-  DEHYDROGENATION  OF  MGH  OVER 
U0P-R8  IN  A  3A-INCH  REACTOR: 


saBaagM 


LHSV 

Nominal 

Inlet  Press., 
psig 

Catalyst  Bed 
Eiit  Temp., 

°F 

Total  Power 
Input, 
Btu/lb 

37 

900 

825 

1110 

37 

900 

1013 

loOO 

80 

500 

682 

840 

872 

1034 


930 

1150 

1300 

1640 


Catalyst  bed  Inlet  temp  894-505^.  LHSV  based  on 
catalyst  bed  volume  only.  ID  =  O.652  . 
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Table  51.  FSSTR  -  DEHYDROGENATION  OF  MCH  OVER 
UOP-R8  IN  3/4-INCH  REACTOR:  DATA  SUMMARY 


Run  Ko. 

CaUlyat 

fCH  r.id  ion*) 

Preaa. , 

J*U 

Reactor 

ttuid  Teirp  at 
Couolings,  *F 

Heat  Transfer 

5 

MCH 

Converted, 

* 

Selectivity 
for  Toluene, 

i 

Charge 

n>8 

dcv^ 

D 

In 

Avgd^ 

mm 

8915-196- 

I 

1?.8 

77 

915 

IS 

mm 

HI 

U 

15 1 00 

69e 

64 

750 

450 

&)■>< 

760 

71 

796 

27,600 

390 

1 

833 

67 

867 

410 

610 

895 

m 

0 

1 

732 

24 

744 

670 

895 

78?  { 

750 

22 

761 

750 

| 

l 

764 

24 

776 

672 

930  4* 

'/> 

6915-196- 

I 

l>.2 

60 

400 

?19 

510 

19  i  VO 

r 

f>40 

9e 

UVt 

•59 

375 

"93  < 

764 

95 

771 

V,10C 

M»  5 

I 

611 

65 

855 

305 

580 

893 

89<* 

0 

f 

t-e? 

22 

698 

650 

39“* 

602  l 

687 

21 

698 

■tKOM 

680 

l 

664 

24 

f,96 

590 

840 

44 

99 

10018-5- 

T 

f».J 

57 

902 

071 

PH 

180 

f 

558 

136 

626 

174 

1 

410 

KoXj 

670 

117 

757 

mfZ&M 

202 

1 

807 

83 

649 

284 

610 

II 

KmB 

896 

0 

( 

746 

26 

759 

keo 

III 

698 

02*  < 

777 

24 

709 

12,500 

520 

l 

■39 

27 

314 

460 

1110 

64 

92 

10018-5- 

l 

6.2 

37 

90!* 

660 

PH 

130 

15:20 

r 

555 

142 

626 

160 

I 

411 

902  { 

679 

123 

741 

23,800 

195 

l 

611 

p* 

"73 

MO 

II 

902 

900 

0 

r 

775 

51 

799 

470 

III 

900 

101}^ 

824 

47 

048 

24,000 

510 

1 

672 

52 

896 

410 

1600 

98 

96 

10018-5- 

1 

11.9 

72 

907 

790 

PH 

340 

i 

16:20 

f 

674 

00 

7  IB 

347 

I 

601 

902  < 

716 

00 

792 

fmTIWTrj^B 

547 

l 

835 

70 

870 

4  57 

620 

II 

902 

900 

0 

f 

74? 

56 

767 

* 

690 

III 

900 

ej0< 

777 

53 

794 

760 

(. 

■» 

55 

616 

710 

1150 

96 

10018-9- 

I 

15.? 

80 

686 

720 

PH 

1 

550 

15:00 

r 

679 

66 

72? 

500 

I 

610 

w  ■< 

752 

01 

795 

31,400 

38(3 

l 

756 

74 

675 

424 

610 

II 

904 

90- 

0 

r 

750 

47 

702 

760 

III 

90*. 

6  -  J 

7  ;? 

45 

81* 

55,600 

8*0 

1 

■17 

*7 

04  1 

760 

lyOO 

77 

?e 

10016-9. 

1 

15.? 

Be 

BTj- 

F*i 

350 

14  :<jO 

f 

•  t  * 

04 

725 

565 

I 

615 

*:5 

02 

796 

50,700 

574 

?‘*1 

ro 

-•0 

4  59 

610 

II 

907 

905 

1 

0 

1 

r 

777 

■<9 

fin  ; 

750  ! 

III 

905 

10*4  < 

r ti’ 

•^.ooc 

040  : 

L. 

— 

l 

■v*_i 

77 

i 

i 

r  0  1 

97  j 

99 

a  '  :  >j.-i  *r;;. 

0.1*  T cl 

;er.e,  0.1 

5  ryo 

Icheaane , 

bi  UCV  1 

<o“1  ?r.  yo1u£jc  of 

•  e>‘ 

on  in 

'/•**  CD  reactor. 

?K  •  preheater ; 

r.ca*  iny 

■it  frr-  PH  Ita 

3  or 

Vat  *cnte 

t  cf  at  :> 

r.iet 

•'  -p<  r%* 

ur<- . 

4  -  k  r  ! 

■■  •  K 

rtV-r,:ii 

j3-  1  a  leu 

lat«*.i 

i:.ai 

*  ;’_c  a  i 

1  t«*r.j<raturv. 

Tt-  a'.  3  av.j  te.-.j. 

•  7;.  -  Tf/2. 

*• 
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Table  58.  PSSTR  -  DEKYDROORMAT ION  OF  NCH  OVER  UOP-R8  xN  A 
3A-INCH  REACTS;  jUSfpflY  OF  "CATALYST  CHARGE 

Catalyst  Charge  8915-195  (Chargr  1  In  3/4-Xaeh  Tube) 

U0P-R6  {Pt/AlaOg)  Plat for  a!  ng  catalyst 
Bed  vol:  627  cc 

Catalyst  activated  in  place  by  heating  at  JIOC-'F 
in  Ng  fox*  2  hours 

Feed:  99.8‘jtMCH,  O.l*  toluene,  0.1  b  eyelchexanc 


Series 

Run  Tima, 
hr 

Mdi  Oonverei on, 

* 

f 

L . . 

0.5 

0 

8915-198 

5.8 

J^.44 

0.8 

Q 

10018-5 

7.5 

62-98 

0.6 

0 

10018-9 

S  ^.6 

77-97 

Vol  Cfi  fcelyst 
{During  Oonv 
ffom  Only) 
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Table  .  .  FSSTR  -  HEAT  TRANSFER  00RRELA7.3N 
MGH  IN  EMPTY  3/8 -INCH" TUBE 

Dimensionless  numbers  calculated  for  Dittus- 
Boelter  corr  lation 


Run 

Temp, 

"F 

Press. , 
pi?5g 

% 

^Nu 

Npr°-* 

,  i--J. 

WNpr0-4 

9815-198- 

698 

900 

68,500 

172 

1,03 

163 

13:00 

T60 

900 

79,400 

164 

.98 

168 

833 

900 

85,300 

174 

.95 

184 

8915-198- 

640 

500 

109,000 

191 

.98 

195 

14:20 

724 

500 

107,000 

165 

.98 

189 

811 

500 

102,000 

aoo 

.96 

204 

10018-5- 

557 

900 

12,200 

63 

1.47 

43 

12:00  and 

679 

900 

31,300 

78 

1.05 

74 

13:?-> 

809 

900 

4o,6oo 

121 

.96 

126 

10018-5- 

674 

900 

60,500 

131 

1.06 

124 

16:20 

748 

900 

71,800 

145 

.99 

146 

835 

900 

79,900 

185 

.95 

195 

10018-9- 

681 

900 

66,800 

143 

1.05 

136 

13:00  and 

754 

900 

82,000 

160 

.99 

162 

14:00 

84o 

900 

L _ _ 

88,100 

_ 

182 

.95 

192 

' 
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Thermal  Cracking  of  Propane 

The  Fuel  System  Simulation  Test  Rig  (FSSTR)  using  the  usual  3/3-in. 
CD  x  0.04o-in.  wall  x  10-lt  long  reactor  tubes  has  been  used  to  determine  the 
heat  sink  capability  of  propane  when  subjected  to  temperatures  which  result 
in  thermal  cracking  of  the  fuel.  Two  thirty-kva  variable  reactance  continu¬ 
ously  variable  trn.ns formers  have  been  installed  giving  much  better  control 
over  the  energy  input  to  the  FSSTR  tlian  was  previously  possible. 


Feed  rates  eorrespon 


■  t-4-, 


to  100  and  4  00  IflCV  (p or  10- f 


jct. i  on) 


and  pressures  of  200  and  900  psig  were  selected  as  covering  a  range  of 
conditions  broad  enough  to  demonstrate  the  characteristics  of  this  fuel. 

The  range  cf  temperatures  covered  at  each  LKSV  and  pressure  combination  are 
outlined  in  Table  60.  The  procedure  followed  in  these  tests  was  to  set  the 
fuel  flow  rate  and  operating  pressure  and  use  Reactor  Sections  I  and  II  to 
preheat  the  fuel  to  ca  100Q°F  at  the  entrance  zo  Section  III.  Power  was  then 
supplied  to  Section  III  as  necessary  to  raise  the  outlet  temperature  in  about 
50  °F  increments. 


A  summary  of  the  operating  data  is  presented  in  Table  61.  Table  62 
contains  the  product  analyses  for  all  runs.  Depth  of  cracking  is  illustrated 
in  Figure  53  as  a  function  of  temperature  for  the  four  pressure  and  feed  rate 
combinations  testea. 


The  heat  sink  capacity  of  propane  at  the  various  conditions  tested 

is  shown  in  Figure  54.  Up  to  ca  1100°F  the  heat  sink  is  provided  only  by 

latent  and  sensible  heats.  Above  11006F  the  difference  between  the  measured 
heat  sink  and  the  extrapolated  heat  content  curve  illustrates  the  contribu¬ 
tion  of  the  endothermic  heat  of  reaction.  Even  under  the  most  severe  cracking 
conditions  encountered  (ca  65 $  of  the  propane  reacting)  the  heat  of  reaction 
was  only  about  500  Btu/lb  out  of  a  total  of  1400  Btu/lb.  Also  at  this  condi¬ 
tion  the  endothermic  reaction  appears  to  be  slowing  and  the  heat  sink  capacity 

per  degree  is  becoming  smaller. 


An  example  illustrating  the  temperature  profile  over  the  entire 
reactor  is  shown  in  Figure  55.  Section  III  fluid  temperatures  for  the  five 
runs  of  Series  10018-27  are  given  in  Figure  56.  The  effect  of  the  reaction 
in  flattening  the  temperature  gradient  is  apparent. 


fS  a  +  V-\0 


+  Qtrmuynfnyo 


1  -r  -1 

-X  LULL  L 


for  all  except  the  shortest  residence  time  condition,  when  pressure  and  flow 
fluctuations,  probably  caused  by  coke  particles  lodging  sgainst  the  pressure 
control  valve,  forced  shutdown  of  the  uni  The  maximum  heat  sink  attained 
without  sign  of  operating  difficulty  was  1'j  ,  ,  ;.ou/lb  (above  liquid  at  68°F) 
at  400  IHSV,  200  psig  and  1592 °F  outlet  temperature.  No  attempt  was  made  to 
determine  how  long  operation  at  these  conditions  could  have  been  continued. 


A  few  data  points  were  obtained  in  Sections  I  and  II  for  comparison 
with  the  Dittus-Boelter  heat-trar  "fer  correlation: 


Nu 


0.025  NRe°-e 


N 

Pr 
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This  comparison  is  si  own  in  Figure  VI,  Physical  pi  operty  Tata  for  propen 
used  in  caleulet ing  the  Reynolds,  Nusselt, and  Prandti  numbers  are  given  1 

Figure  56. 


Table  60.  FSSTR-THEHMAL  CRACKING  OF  PROPANE: 
JRANGE  OF  OPERATING  CONDITIONS 


Section  III  inlet  temperature  97^-i0li#F 
LKSV  based  on  Section  III  volume  only 


Nominal  LHSV 

Nominal 

Pressure,  psig 

Section  III 

Exit  Fluid  Temp, 

°F 

100 

200 

nl*3-13k2&) 

100 

900 

1097-l?73a' 

1*00 

200 

1093-1392  . 

1*00 

_ 22? 

110l*-1326al 

a) Cote  formation  halted  test  at  maximum  listed 
temperatures  for  these  series. 
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Table 


IContd).  FSSTR  -  THERMAL  CRACKING  OF  PROPANE:  DATA  SUMMARY 


n  -  15>50  3Vo 

(tf  IrtfrcMlnfi 


Pr«f4M  F»*4  Frewur*. 

Nate  pci« 

leAr 

UW^  t»  Ort 

54.0 

aoa  9Q>  905 

5k. 0 

W6  W  W 

$4.0 

406  096  690 

5*.0 

! 

406  696  ©96 

Fluid  Tm»  at 
Sector  *F 


X 

I 

6a 

11  I 

675 

XIX 

996 

I 

!  6 6 

II 

676 

1 

in 

999 

l 

67 

XI 

675 

III 

9>6 

19  rwl  at  JGili 

10  pci  at 


era  tun. 

•r 

to  Fluid 

Fluid 

a!*) 

rr,rTfft*T 

BlVH 

251 

205 

55a 

37.400 

183 

3=< 

191 

422 

37.400 

136 

5H 

146 

587 

37.400 

?56 

48$ 

7wa 

79 

7* 

21,400 

271 

768 

918 

70 

955 

21,400 

306 

1025 

20 

1035 

7.350 

370 

1052 

19 

1062 

7.350 

390 

1070 

18 

1066 

7.350 

4 10 

866 

251 

199 

351 

37.400 

166 

V6 

1M 

420 

37,400 

199 

515 

146 

V* 

37,400 

-V- 

486 

742 

80 

782 

21,400 

268 

91  a 

69 

949 

21,400 

310 

768 

1055 

56 

1053 

12,700 

380 

1082 

55 

1099 

12,700 

380 

1127 

51 

1145 

12,700 

410 

935 

252 

197 

531 

37,400 

190 

5?e 

169 

425 

37,400 

198 

516 

146 

589 

37.400 

256 

486 

7*»5 

78 

784 

21,400 

274 

9U 

C3 

948 

21,400 

315 

760 

1055 

54 

lOEo 

18,550 

540 

1119 

50 

liaa 

18,550 

370 

llBl 

46 

120a 

18,550 

400 

1006 

254 

199 

57.4CO 

188 

526 

lfc7 

4?C 

57.4W 

1V9 

515 

14*. 

565 

57.400 

260 

486 

r*i 

T8 

780 

21,400 

274 

>10 

68 

944 

21,400 

315 

768 

1078 

79 

1118 

26,800 

540 

117a 

75 

1211 

26,800 

365 

1250 

66 

1293 

26,800 

406 

1117 

255 

211 

33> 

37,400 

177 

Vft 

167 

420 

37.4’in 

2<*) 

5l> 

145 

V* 

5/,-fO 

.•‘.0 

4  Of. 

TUu 

T9 

7«4 

21,400 

271 

9U 

68 

946 

21,400 

313 

768 

nn 

112 

nv 

5M00 

■A  4 

1259 

K. 

1290 

38,5  » 

vu 

1510 

91 

15S6 

56,800 

4.'  3 

18T\ 

50  -  12  *  55-0 


V*  =  J1.cn  1)  n 


Ourncd  ectkc  fro«i  rebe’e*.  H»**ur*t  0.6  <  t>f  can**. 

~y»  i  .97  I  w  I  i  I  r !  i'*  I  -->1  m  I 


JO  -  14:20  55.0  yw  I  197  176 


50  -  15:15  550 


f 

i'* 

29 

119 

56.900 

1270 

I 

62 

672  < 

250 

26. 

571 

56.900 

139 

l 

469 

18* 

561 

36,900 

202 

490 

n 

672 

7M 

T* 

7«1 

Srt.iro 

263 

914 

67 

943 

20,100 

300 

739 

f 

1013 

l« 

1024 

6,780 

W 

in 

79* 

jo-?;  < 

1044 

16 

1CF.2 

6,780 

470 

l 

1069 

15 

1077 

6,780 

4S0 

851 

r* 

M 

:?o 

V  ,  jnn 

1 

<3 

tii  / 

,-4) 

ifr. 

V  ,•*.*> 

141 

l 

474 

18.’ 

•M 

y.  ,'<00 

2U>) 

4y0 

11 

$77 

I.™  | 

750 

n 

789 

;*o,irm 

26-1 

*21 

f»r 

v»> 

739 

f 

by 

1*8 

1 1 .  P»J 

44.1 

:ii 

1005 

11  v  < 

110’ 

37 

112C 

13.  rx 

378 

l 

U55 

a 

1172 

15,700 

400 

941 

103 

27 

H7 

36.900 

1370 

1 

65 

659  \ 

252 

261 

565 

36, 900 

141 

45> 

ifti 

530 

56. >00 

204 

490 

n 

991  < 

l 

730 

76 

76.3 

20,100 

29$ 

901 

67 

>33 

20,100 

500 

759 

f 

1043 

6C 

1C73 

19,300 

V5 

m 

981 

1250  < 

1117 

55 

1145 

19,300 

5)3 

1 

1191 

51 

1217 

19,50c 

583 

1C21 

f 

1C5 

5 

116 

56,900 

1470 

1 

65 

651  { 

229 

a; 

'53 

56,90- 

142 

l 

4)2 

183 

>44 

56,900 

202 

490 

6<2 

-{ 

724 

7S 

762 

20,  IX 

26$ 

893 

67 

*T 

20, IX 

>20 

759 

r 

125Q 

85 

1101 

26,  VC 

317 

:ti 

>74 

115o 

75 

11^6 

26 ,  ye 

551 

l 

12)1 

o7 

-*■> 

.V  .  30c 

?9C 

1117 
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Heat  Sink  Above  68°F,  Btu/lb 


Section  5  Section  li 

J7.40G  Btu/(hr j(ft2)  21,400  Btu/(hr)(ft 


,3tu/(lb)CF) 


0 


0.8; 


a 

U 


0.6  r 


0.4  | 

| 

0.08  • 


0 

0 


200  400  600  800 

Temperature,  °F 

Figure  58.  FSSTR-HE AT  TRANSFER  TO  PROPANE: 
PHYSICAL  PEOPSPvTIES  OF  PROPANE 
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Catalytic  Dehydrogenation  of  Propane 

The  catalytic  dehydrogenation  of  propane  was  studied  briefly  in  the 
FSSTR  using  a  commercial  catalyst  (Catalysts  and  Chemicals,  Inc.,  Catalyst 
094;  2$  KijO,  8$  Cr^)3  on  AI2O3).  The  as-received  extruded  pellets  were 
crushed  and  screened  1C-12  Tyler  mesh  prior  to  use.  The  usual  3/0”  OD  x 
0.049*'  wall  x  10  ft  long  Hastelloy  C  reactor  tubes  were  used  for  this  study 
with  Reactor  Section  III  being  the  catalyst  section  while  Section  I  was  used 
as  a  preheater.  No  power  was  supplied  to  Section  II. 

Two  series  of  mans  using  a  single  catalyst  charge  of  64.8  g  were 
made  at  a  feed  rate  of  10  lb/hr  (LHSV  =  75  based  on  the  catalyst  section 
volume).  Operating  conditions,  product  analyses,  and  calculated  values  of 
heat  sink  are  summarized  in  Table  63. 

In  the  first  series  (10018-36)  the  fluid  temperature  at  the  catalyst 
section  inlet  was  maintained  at  900°?  throughout  the  test  period.  Variables 
were  inlet  pressure  of  ca  430  and  590  psig  and  catalyst  section  exit  fluid 
temperature  of  1100°  and  1200°F.  The  maximum  conversion  of  propane  measured 
during  this  run  sequence  was  7.7$.  Conversion  declined  rapidly  and  after 
about  5  hours  of  operation  the  catalyst  was  almost  completely  deactivated. 
Following  this  test,  coke  containing  10.7  g  of  carbor.  wa6  burned  from  the 
catalyst  bed. 

For  the  second  test  (Series  10018-40)  nominal  inlet  and  exit 
temperatures  of  1000°  and  I250°f,  respectively,  and  an  inlet  pressure  of  ca  500 
psig  were  maintained  for  the  entire  operating  period.  Conversion  at  the 
start  of  this  test  indicated  that  burning  off  the  coke  deposit  following  the 
previous  run  had  restored  normal  catalyst  activity.  Propane  conversions 
started  at  22.5$  and  declined  to  4.2$  after  252  min  of  operations. 

Pressure  drop  increased  from  about  300  to  465  psi  during  the  first  25  minutes, 
then  increased  at  5  nsi  ner  hour  through  the  rest  of  the  run  to  a  maximum  of 
490  psi.  Catalyst  deactivation  and  pressure  drop  for  this  test  are 
illustrated  in  Figure  59.  Coke  was  not  burned  from  the  catalyst  following 
this  final  run.  However,  a  weight  increase  of  15  grams  due  to  coke 
deposition  was  measured  after  dumping  the  catalyst  charge. 

The  maximum  heat  sink  attained  during  the  propane  dehydrogenation 
was  1205  Btu/lb  (above  liquid  propane  at  68°F).  Of  this,  217  Btu/lb  was  due 
to  heat  of  reaction. 

The  short  catalyst  life  and  relatively  low  heat  sink  show  little 
nromise  for  W  a  system..  .,0  3os+.s  are  planned  for  catalytic  de¬ 
hydrogenation  cf  propane  11  unless  a  more  stable  catalyst  is 

discovered. 

High  Heat  Flux  Section  (in  progress) 

In  order  to  permit  investigation  of  heat  flux  conditions  closer 
to  those  which  might  be  encountered  in  combustion  chamber  cooling,  &  short 
reactor  section  has  been  constructed  and  installed  in  the  FSSTR  in  place  of 
the  usual  10- ft  long  reactor  section  III.  This  reactor,  a  sketch  of  which 
is  shown  in  Figure  60  is  made  up  of  a  2-ft  long  section  of  3/8"  OD  x  0.049" 
wall  Hastelloy  C  tube  welded  to  Ni  bus  bars.  3/8"  compression  type  fittings 
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Propane  Converted, 


Pressure  Drop,  psi 


Fluid  Temperature  (2) 
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provide  inlet  and  outlet  connections  and  l/l6"  fittings  are  used  as  glands 
for  inlet  and  outlet  fluid  temperature  thermocouples.  A  l/l6"  fitting  is  also 
provided  in  the  exit  end  bus  bar  for  sample  withdrawal.  Tube  wall  (external) 
temperatures  are  measured  at  six  locations  by  thermocouples  spot  welded  to 
the  reactor  tube.  The  two  lead  wires  from  each  junction  (insulated  from 
direct  contact  with  the  tube  by  ceramic  cement)  are  wrapped  1/2-turn  each  in 
opposite  directions  around  the  tube  and  then  are  led  thru  ceramic  insulating 
tubes  until  well  away  from  the  high  temperature  area. 

The  electrical  resistance  of  this  reactor  section  is  about  0.025 
ohms.  With  the  power  supply  presently  in  use,  a  maximum  heat  flux  of  ca 
590,000  Btu/(hr’)(ft2)  can  be  reached  without  exceeding  the  1000  ampere  rating 
of  the  transformer  secondary. 

No  compensating  heat  is  supplied  around  this  reactor  as  with 
the  10-ft  sections.  However,  a  2-in.  layer  of  insulation  surrounds  the  tube 
and  at  the  high  heat  flux  conditions  to  be  studied  heat  losses  will  be  a 
minor  portion  of  the  power  supplied. 

Dehydrogenation  of  MCH  Over  U0P-R8  in  the  High  Heat  Flux  Reactor  Section 

12.9  grams  of  U0P-R8  Pt  on  Alg03  catalyst  in  the  form  of  l/l6" 
spheres  was  charged  to  the  reactor  and  activated  in  place  by  heating  in  N2. 

A  series  of  eight  tests  has  been  completed  covering  the  following  range  of 
condition: 


Inlet  Temperature,  °F 

900 

Inlet  Pressure,  psig 

885 

Feed  Rate,  lb/hr 

64.5 

IHSV  (for  2-ft  section) 

1600 

Power  to  Catalyst  Section,  Btu/(hr) (ft2) 

0-559,000 

Reactor  sections  I  and  II  were  used  as  preheaters  for  these  runs. 

A  summary  tabulation  of  the  data  obtained  is  presented  in  Table  64. 
Power  to  the  reactor  was  increased  in  steps  as  shown  until  a  point  was 
reached  when  it  became  apparent  that  the  catalyst  bed  was  deactivating.  This 
effect  is  shown  in  Figure  61  where  exit  fluid  temperature  is  indicated.  The 
continuing  temperature  rise  shown  in  the  final  runs  after  a  step  increase  in 
power  indicates  that  the  heat  sink  resulting  from  reaction  is  declining  and  a 
corresponding  amount  of  power  is  going  to  heat  the  product.  This  is  con¬ 
firmed  by  the  decline  in  conversion  shown  on  the  same  figure. 

In  this  series  a  maximum  heat  flux  of  559,000  Btu/(hr)(ft2)  was 
attained  which  is  higher  by  a  factor  of  10  than  was  previously  reached  in  the 
10-ft  long  5/8”-diam  catalyst  section  and  7  times  higher  than  the  maximum  for 
the  5/4"  diam  tube  (Reference  5  and  preceding  section  this  report). 

Analysis  of  the  data  from  these  tests  is  Still  in  progress.  How¬ 
ever,  conparing  the  final  run  (10018-50-16:50)  with  the  predicted  performance 
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at  similar  conditions  (Table  70  condition  B)  indicates  that  conversions 
higher  than  predicted  were  attained,  resulting  in  higher  pressure  drop  and 
lower  exit  temperature  than  predicted.  Clarification  of  this  point  as  well 
as  investigation  into  reasons  for  the  catalyst  deactivation  will  require 
further  effort. 


Table  6b.  FSSTR  -  HIGH  HEAT  FLUX  STUDY: 
DATA  SUMMARY  FOR  SERIES  100l6-l0 


Feed: 

Feed  Rate: 

LHSV: 

Pressure: 


Catalyst  Section  Inlet  Conditions: 

99.7^  MCH,  0.1^  CH,  0.2*  Toluene 
64.5  lb/hr;  10.05  gph;  154,000  lb/( hr ) ( ft1  ) 
1600  based  on  2-ft  catalyst  section 
885  psig 


Run  No.  10018-50- 

Properties 

16:30Aa) 

l6:30Ba) 

I2i  30 

13:10 

13:50 

14:30 

15:10 

15:40  16:05 

Power  Measurement 
Btu/hr  x  l0-» 

0 

6.1 

13.3 

21.7 

30.8 

39.0 

45.5 

52.0 

52.0 

Btu/lb 

0 

96 

210 

342 

485 

615 

717 

820 

820 

Btu/(hr)(ft*)  x  10' 

1  0 

42.1 

91.7 

150 

212 

269 

314 

359 

359 

Temperature.  “F^ 

Inlet  Fluid 

896 

900 

891 

893 

903 

908 

906 

898 

900 

Wall  at  1/2" 

864 

897 

922 

961 

1009 

1047 

1072 

1091 

1094 

Wall  at  3" 

800 

839 

880 

931 

988 

1032 

1067 

1096 

1100 

Wall  at  9" 

737 

787 

841 

901 

963 

1014 

1054 

1094 

1099 

Wall  at  15" 

713 

773 

836 

902 

968 

1023 

1069 

1115 

1122 

Vail  at  21" 

701 

771 

841 

913 

988 

1053 

1115 

1192 

1212 

Wall  at  23  l/2" 

699 

770 

840 

913 

990 

1067 

1141 

1242 

1266 

Exit  Fluid 

699 

745 

788 

831 

880 

936 

1002 

1100 

1126 

Exit  Press..  dsIk 

700 

671 

645 

604 

548 

505 

466 

436 

436 

MCH  Conv,  % 

15 

21 

29 

39 

51 

60 

65 

S5 

63 

a)  Temperatures  are  averaged 
periods  20  min  apart  are 

over  15  min  Intervals  except  for  Run 
Indicated  to  show  changing  conditions 

16:30 

where  two 

7  min 
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Development  of  Analytical  Models  of  Catalytic  Reactors 

Work  has  been  concentrated  on  development  of  an  Improved  version  of 
the  "Shell  Packed  Bed  Reactor  Program"  for  simulation  of  experiments  which 
have  been  carried  out  in  the  FSSTR  and  for  some  exploration  of  the  effects  of 
reactor  parameters  ou  iiic  performance  of  the  reactor.  A  new  version  of  the 
program  has  been  written,  tailored  specifically  to  the  requirements  of 
calculations  for  endothermic  fuel  reactors. 

The  primary  objective  in  undertaking  a  revision  of  the  packed  bed 
reactor  program  was  to  simplify  input  and  output  and  reduce  loading  time  and 
computer  storage  requirement  in  order  to  facilitate  our  own  use  of  the  pro¬ 
gram  and  to  make  it  available  for  use  by  the  Air  Force  and  other  Air  Force 
Contractors  on  related  contracts.  The  only  significant  feature  of  possible 
uee,  which  was  omitted,  is  the  ability  to  represent  a  radial  profile  of  mass 
velocity.  This  feature  has  not  been  used  in  past  simulations  of  experimental 
work  hut  could  conceivably  be  of  use  in  the  future.  Several  additions  have 
been  made  to  allow  coverage  of  a  wider  range  of  applications.  These  additions 
involve  a  revision  of  the  available  choices  of  the  boundary  conditions  at  the 
outer  wall  of  the  tube.  In  the  new  version:  1)  the  flux  profile  may  he 
specified  by  a  table  of  up  to  10  values  equally  spaced  along  the  length  of 
the  tube,  or  2)  the  outside  temperature  of  the  tube  may  be  similarly  described 
by  a  table  of  up  to  10  equally  spaced  points,  or  5)  “the  tube  may  be  assumed 
heated  by  a  secondary  fluid  flowing  along  the  outside  wall  with  constant  mass 
velocity,  heat  capacity  and  heat  transfer  coefficient. 

The  basic  equations  representing  the  processes  occurring  within  a 
single  tube  packed  with  catalyst  and  the  logic  of  their  solution  remain  the 
same  as  in  the  original  version.  A  slight  improvement  in  computation  time 
is  realized,  0.6  minutes  of  computer  time  on  IDM  7040  compared  with  0.7 
minutes  for  the  original  version  for  a  normal  computation  simulating  a  FSSTR 
run  with  ^00  axial  steps  and  two  radical  increments. 

The  rewriting  was  accomplished  in  two  stages.  In  the  first  of 
these,  the  program  was  adapted  to  the  requirements  of  calculations  for 
endothermic  fuels,  but  remained  restricted  to  handling  cylindrical, 
ax i symmetric  reactors.  An  addition  to  this  version  also  allowed  calculations 
for  a  sequence  of  adiabatic  reactors,  with  reheating  of  the  fluid  between 
stages.  Subsequently,  in  a  second  stage  of  modification,  the  program  was 
adapted  to  also  allow  calculations  for  a  packed  bed  in  the  configuration  of 
a  thin  semi-infinite  slab  with  beating  on  one  face,  and  held  adiabatic  on  the 
opposite  face.  Such  a  configuration  is  felt  to  he  a  reasonable  approxima¬ 
tion  to  the  configuration  which  would  be  used  for  regenerative  cooling  of  a 
combustion  chamber.  At  the  present  time,  MCH  is  the  only  fuel  for  which  we 
have  adequate  thermodynamic  and  kinetic  data  to  carry  out  calculations  with 
the  program.  As  experimertal  investigations  of  other  fuels  proceed  and 
develop  the  required  information,  this  can  readily  be  incorporation  into  the 
program  to  allow  the  same  types  of  calculations  for  these  other  fuels.  Data 
for  decal in  to  reaction  products  is  now  being  assembled. 

A  listing  of  the  current  version  of  the  program  in  FORTRAN  IV 
languege  and  memoranda  describing  each  of  these  two  stages  of  development 
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are  contained  in  the  Appendix.  This  program  has  been  used  for  most  of  our 
ovn  calculations  and  has  been  made  available  to  the  Air  Force  and  other 
contractors . 


Some  work  was  also  done  on  development  of  a  one -dimensional  program 
representing  a  single  packed  tube.  In  this  program,  radial,  temperature 
gradients  are  represented  by  approximations,  and  rates  are  calculated  at  an 
average  (cross-sectional)  temperature.  Our  present  feeling  is  that  such  a 
representation  cannot  be  made  to  function  in  a  manner  useful  for  design  of 
equipment  or  refined  calculations,  but  may  be  of  value  in  early  stages  of 
attempting  to  develop  reaction  rate  expressions  for  the  endothermic  reactions 
of  other  fuels.  Such  a  program  has  a  significant  advantage  in  shorter 
computing  time  when  a  large  number  of  cases  must  be  run. 

Simulations  cf  FSSTR  Experiments 

The  additional  experiments  carried  out  on  dehydrogenation  of  MCH  in 
the  FSSTR  using  a  0.75”  diameter  tube  were  simulated  in  order  to  demonstrate 
the  capability  of  the  model  for  this  wider  range  of  conditions,  and  to  assist 
in  interpretation  of  heat  transfer  measurements  made  in  these  experiments. 

Subt;  •  antially  the  seme  parameters  were  used  in  there  simulations  as  had  been 
used  previously  in  simulation  of  experiments  in  the  smaller  diameter  tube. 
Because  of  the  larger  ratio  of  tube  diameter  to  particle  diameter,  two  factors 
involved  in  calculation  of  pressure  drop  were  adjusted.  For  the  average 
fraction  voids  between  particles,  €,  a  value  of  0.415  was  used  rather  than 
0.432  which  had  been  used  for  the  smaller  tube.  The  value  of  AF,  the  factor 
which  corrects  for  a  typical  packing  arrangement  near  the  wall,  was  raised 
from  O.5O  to  O.67.  Both  changes  tend  to  make  the  calculated  pressure  drop 
larger  in  the  larger  tube.  The  rate  expression  used  was  the  same  as  had  been 
used  previously.  The  parameters  which  are  used  to  generate  the  equilibrium 
constant  were  adjusted  slightly  to  bring  the  calculated  value  into  better 
agreement  with  the  tabulated  values  given  by  API  44  tables.  The  rate  in 
lb-mole/hr-ft3  of  reactor  volume  is  given  by: 


Rate 


(l-€)A1AgCMCH  exp[(B!  +  Ba)/RgTs3 
T  +  AaCMCH  expfBs/RgTg] 


^tol^Hs 


PM3hAs  exp[Bs/RgTe] 


Rg  b  gas  constant  (Btu/'lb  mole-°R) 

CMCH  -  concentration  of  MCH  (lb  mole/ft3) 

Ta  m  surface  temperature  of  catalyst  (°R) 
b  partial  pressure  of  component  A  (atm) 
e  b  fraction  voids  in  bed 

Afs  and  Bfs  ere  reaction  rate  and  equilibrium  parameters. 

Ax  b  7,5  x  1012  Ex  »  -59,000 

A 2  -  5-5  x  10“®  B2  b  +54,000 

A3  -  4.0  x  1 O20  B3  -  -92,500 


The  run  numbers  and  conditions  for  the  seven  runs  simulated  are 
given  in  the  upper  part  of  Table  65.  The  lower  part  of  the  table  gives  a 
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Table,  bej.  ca.^ARISON  OF  COMPUTER  C/JLCULAJIONS  WITH  EXTERnlENTAL 
RESULTS  FOR  DEHYDROGENATION  OF  MCH  IN  J/S^INCH  TUBE 


Run  No. 

8915-198 

_ 

- - - 

IOOI.8-5 

10018-9 

1500 

1420 

1200 

— 

1320 

1620 

1JOO 

i4oo 

Flux  (Btu/hr-ft£) 

15700, 

133CO. 

11740. 

23100. 

?4n8o. 

34500. 

?0000. 

G  (lb/hr-ft2) 

35500. 

36800. 

17200. 

17200. 

33200. 

367OO. 

36700. 

T  °F 

J*o>  r 

8  >5. 

89L. 

898. 

900. 

900. 

904. 

905. 

p0>  pflip 

911. 

487. 

901. 

903. 

903. 

886. 

886. 

£P,  peiga^ 

109. 

270. 

50. 

39- 

1-3- 

166. 

207. 

102. 

268. 

22i 

i&i 

iili 

166. 

210. 

Teny  on  axis,  *F 

729. 

68*4. 

741, 

rT*7), 

1  1  '• 

745. 

7r6. 

775. 

2.5' 

122. 

687. 

746. 

im 

liiii 

758. 

ill 

752. 

6ch 

776. 

• 

00 

(M 

CO 

779- 

793- 

CD 

ro 

5.0« 

750. 

667. 

HIi 

824. 

nil 

12£l 

822^ 

771. 

696. 

8o4. 

882. 

805. 

e24. 

875. 

7.5' 

7^- 

684. 

800. 

Mi 

1261 

Mi 

866. 

Oitlet  Ten?)  (mean), 

790. 

695. 

834. 

1028. 

834. 

865. 

1039. 

782, 

*82. 

62^. 

1013. 

Mi 

Mi 

1034. 

Convciaiou 

4‘J 

44 

63 

98 

64 

79 

97 

iil 

44 

. 

64 

£ 

62 

II 

21 

a)  Experimental  values  are  underlined . 
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compa-ison  of  »e  calcul  ted  and  obs«*i  »ect  value**  of  pressure  drop,  conversion, 
outlet  mean  temper  atuiv,  and  valuer  of  ine  temperature  at  the  ax  Is  of  *he 
reactor  tube  at  three  parte  along  Ha  length.  In  this  portion  of  the  table 
the  upper  figure  1b  the  calculated,  the  lover  (underlined;  the  exper intent-til . 
These  compar  i sons  indicate  a  very  satisfactory  agreement  between  experiment 
and  calculation.  Calculations  showed  that  the  overall  hot  t  balance  can  be 
in  error  by  up  to  about  4  percent.  This  is  probably  due  to  errors  in  experi¬ 
mental  measurements  of  flow  rate  and  heat  flux.  Figures  62,  65,  and  64  show 
profiles  of  temperature  at  the  tube  axis  and  conversion  calculated  for  tliree 
of  the  above  experiments.  Experimental  points  are  shown  for  intermediate 
temperatures  and  overall  conversion.  These  profiles  demonstrate  behavior 
typical  of  a  constant-flux  reactor.  In  Figure  62,  it  can  be  seen  that  the 
rate  of  reaction  is  nearly  constant  throughout  the  reactor  (except  for  the 
first  foot  of  length) ,  the  conversion  increasing  linearly  with  length.  In 
this  section  nearly  all  of  the  added  heat,  is  utilized  by  the  endc  thermic 
reaction,  with  only  a  si ’all  portion  going  to  heat  up  the  fluid.  The  temper¬ 
ature  in  this  section  rises  as  necessary  to  adjust  the  rate  constant  to  main¬ 
tain  the  chemical  reaction  rate  at  a  level  sufficient  to  absorb  the  heat 
being  added.  At  the  i.ilet,  the  feed  was  admitted  at  a  temperature  much 
higher  than  necessary  to  maintain  a  reaction  rate  capable  of  absorb ii^  the 
heat  added.  Therefore,  the  temperature  fell  rapidly,  with  the  sensible  heat 
of  the  gas  being  absorbed  by  additional  reaction  in  this  section. 

Explorations  with  the  computer  program  have  shown  that  the  primary- 
factors  influencing  the  snape  and  location  of  such  profiles  are  the  rate  of 
heat  addition  in  D  u/lb  of  fluid  flowing,  and  the  inlet  temperature;  the 
actual  heat  flux  and  mass  flow  rate  have  only  a  minor  influence  upon  these 
profiles. 

Figure  6j  shews  profiles  for  a  run  in  which  the  total  heat  addition 
Weis  high  enough  to  carry  the  conversion  near  to  reactant  exhaustion.  Thus 
near  the  outlet,  the  rate  of  reaction  declines  and  the  rate  of  temperature 
increase  turns  up  sharply,  with  sensible  heat  now  absorbing  a  larger  fraction 
of  the  heat  input  in  this  section. 

Figure  64  shows  profiles  for  a  run  made  at  lower  pressure,  with  a 
high  enough  flow  rate  that  the  pressure  drop  seriously  affects  the  nresmre 
level  in  the  reactor.  The  rapidly  lecreasing  pressure  shifts  the  equil  hrium 
point  of  the  reaction  sufficiently  that  the  reaction  is  maintained  at  . 
steady  rate  even  though  the  temperature  is  nearly  constant  or  de^llr  tig 
throughout  the  reactor. 

Heat  Transfer  to  a  Packed  Bed  Reactor 


A  second  application  of  the  packed  bed  computer  program  is  in 
aiding  analysis  of  rates  of  heat  transfer  to  the  FSSTR.  In  the  experiments, 
the  overall  temperature  difference  is  measured  between  a  thermocouple  on  the 
outside  vail  of  the  reactor  and  a  thermocouple  at  the  centerline  of  the  bed. 
Heat  transfer  between  these  two  points  occurs  by  a  series  of  three  consecu¬ 
tive  processes:  1)  generation  of  heat  from  electrical  power  and  its  transfer 
through  the  wall  with  an  associated  temperature  Jr-up  C\ l  wail  between  outside 
and  inside  of  the  wall,  2)  transport  across  a  turbulent  fluid  film  inside  the 
wall,  with  an  associated  At  film,  J>)  transport  through  the  pecked  bed,  radi¬ 
ally,  “coompanied  by  absorption  of  heat  by  the  fluid  as  eensJble  hcrJ  and 
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gure  62.  CALCULATED  TEMPERATURE  AND  CCNVCRSION 
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endothermic  heat  of  reaction,  with  an  associated  At  packing.  The  measured 
temperature  difference  is  the  sum  of  these  three.  The  first,  At  wall,  may  he 
simply  calculated  from  the  thermal  conductivity  and  one  half  the  thickness  of 
the  wall  and  the  rate  of  heat  generation.  For  the  second.  At  film,  correla¬ 
tions  exist  in  the  literature.  However,  these  correlations  are  based  on  data  ^ 
at  lower  Reynolds'  numbers.  V/e  are  interested  in  demonstrating  whether  or 
not  such  correlations  ere  applicable  in  our  region  of  conditions.  Therefore, 
we  would  like  to  be  able  to  separate  At  film  from  the  remaining  processes. 

To  do  this,  the  computer  program  is  used  to  calculate  At  packing.  Which 
allows  calculation  of  At  film  by  difference.  The  experimentally  measured 
At's  and  the  three  component  parts  of  each  are  given  in  Table  66  for  the 
seven  runs  made  with  the  0.75-inch  diameter  tube.  For  each  run,  an  average 
film  heat-transfer  coefficient  calculated  from  the  flux  and  the  values  of 
Atf  is  also  given.  A  comparison  of  Nusselt  numbers  based  upon  wall  heat- 
transfer  coefficients  calculated  in  this  way,  with  a  correlation  based  on 
that  of  Eanratty  for  heat- transfer  to  beds  of  spherical  particles,  is  shown 
in  Figure  65.  The  experimental  results  obtained  in  both  the  3/8-inch  and 
3/4-inch  tubes  are  in  good  agreement  with  this  correlation  and  indicate  its 
usefulness  in  predicting  heat  transfer  coefficients  at  highly  turbulent 
Reynolds'  numbers. 

Influence  of  Thermal  Conductivity  of  Catalyst  Particles 

The  radial  temperature  drop  through  the  packing  within  the  catalyst 
bed  is  a  significant  part  of  the  overall  radial  temperature  difference.  In 
the  past  we  have  indicated  that  the  major  process  influencing  radial  trans¬ 
port  of  heat  within  the  bed  was  gas  mixing.  To  assure  ourselves  that  the 
parallel  process  of  conduction  of  heat  through  the  solid  packing  was  not 
important  in  determining  the  radial  temperature  drop,  exploratory  runs  were 
made  with  the  computer  program  to  determine  the  influence  of  the  thermal 
conductivity  of  the  catalyst. 

Two  pairs  of  runs  were  made  for  conditions  representing  two  levels 
of  flow  conditions  possible  in  our  experimental  apparatus;  one  pair  at  LHSV 
of  20,  the  other  of  LHSV  of  ICO.  In  one  run  of  each  pair,  the  solid  conduc¬ 
tivity  of  the  base  run  was  taken  as  0.130  Btu/hr-ft-°F,  a  value  typical  of 
our  current  catalyst.  In  the  other  run,  a  solid  conductivity  10s  times 
greater  was  taken.  This  value  is  arbitrarily  high,  but  comes  close  to 
representing  copper  metal.  To  maximize  the  effect  of  radial  conductivity, 
a  total  heat  input  of  1000  3tu/lb  was  taken  for  the  10-ft  reaction  section. 

In  the  higher  space  velocity  pair,  no  significant  difference  between  the  two 
runs  was  obse~*ved,  the  largest  difference  being  0.5°F  lower  wall  temperature 
at  the  outlet  for  the  run  with  the  higher  conductivity.  In  the  lover  space 
velocity  pair,  differences  were  observable  but  still  very  small.  A  maximum 
difference  of  3.5°F  in  the  wall  temperature  at  the  outlet  resulted. 

From  these  explorations  we  conclude  that  any  attempt  to  develop  a 
catalyst  supported  cn  a  base  of  higher  thermal  conductivity  than  the  alumina 
we  now  use  would  clearly  not  be  fruitful  in  terms  of  overall  reactor 
performance . 
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Table  66.  COMPONENTS  OF  ME/SURED  TS2-S  ERATURE 


Run  l*o. 


M  O  c  t 

,r*w  »-.  / 

Meeeured  at 
At  wall'1) 

At  film'!  ) 

At  packing0' 

At  5.0' 
Measured  At 
At  valla{ 

At  . 

At  packinge- 

At  7.5' 
Measured  At 
At  wall®' 

At  fllmb^ 

At  packing0' 


(SS/S-rt*)  1200  1190 


L300 

l2rO 

28 

- — , 

26 

;  29 

it 

4 

5 

12.8 

10.8 

12.3 

11.2 

11.2 

15- T 

26 

25 

27 

A 

4 

5 

12.0 

10.2 

12.1 

10.0 

, 

10.8 

11.9 

' 

‘ 

28 

28 

50 

4 

4 

3 

14.8 

15.1  1 

15.8 

9.2 

10.9 

11.2 

900  1250  1J60  I  lj0O 


Ttct.  vail  thickness,  tiif.rsiul  uvjuduciiviiy  ni  metei  er.C  flux. 


4+  •  slt3  • 

2Kv 

b)  By  difference  Atf  -  Atn,  -  Aty  -  Atp. 

c)  Determined  from  computer  program  calculations. 


. 


0.4 


Exploratory  Calculations 
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Further  calculations  have  beer,  carried  out  with  the  computer  pro- 
gran  to  attempt  to  define,  at  least  roughly,  the  upper  limit  conditions  of 
mass  velocity,  heat  flux, an  1  endothermic  capecity  for  MPH  ae  an  endothermic 
reacting  fuel.  For  these  calculations,  which  are  specific  to  JdPH  fuel  and 
R-8  catalyst,  a  reactor  length  of  2.C  ft  and  inlet  fuel  temperature  of  900*? 


Results  shown  in  Table  67  indicate  the  effect  of  mass  velocity  and 
heat  flux  for  a  reactor  tube  0.65-ir..  ID  subject  to  a  constant  heat  flux 
along  Its  length.  These  calculations  indicate  moderately  high  but  probably 
tolerable  pressure  drops  of  250-400  psi  over  the  two -foot  length  for  mass 
velocities  of  100,000-120,000  lb/hr-ft2.  Thus,  120,000  Ib/’ir-ft2  is  probably 
near  the  upper  limit  of  mass  velocity  allowable  by  pressure  drop  &L  a  con¬ 
stant  heat  flux  of  0.5  x  10®  Btu/hr-fi2,  maximum  temperatures  attained  are 
probably  within  the  permissible  range.  It  should  be  noted  that  upper  limit 
temperatures  for  this  fuel  and  it  ■  reaction  products  have  not  been  firmly 
established.  However,  our  past  experience  with  these  hydrocarbons  indicates 
that  significantly  above  1300“F  the  hydrocarbon  will  rapidly  coke  up  the  tube, 
and  the  fuel  in  contact  with  the  catalyst  will  result  in  deactivation  of  the 
catalyst  above  some  temperature  in  the  range  1100~1200°F.  At  the  higher  flux 
level,  O.625  x  10s  Btu/hr-ft2,  maximum  temperatures  are  above  these  tentative 
upper  limits.  Thus,  this  level  of  heat  flux  is  "too  high".  Figure  66  shows 
axial  temperature  profiles  for  three  radial  locations  for  the  first  set  of 
conditions  in  Table  67.  These  show  that  although  temperatures  at  the  inlet 
end  are  well  below  stability  limits;  as  reaction  proceeds,  the  temperature 
of  the  fluid  rises  in  order  to  maintain  acceptance  of  the  high  rate  of  heat 
input.  Even  though  the  overall  conversion  attained  is  only  6C$,  the  rate  of 
the  reaction  is  not  sufficient  at  this  conversion  level  to  sustain  this  high 
level  of  heat  input  at  the  high  space  velocity  (LHSV  *>  1250)  for  which  the 
calculation  was  made. 


In  an  attempt  to  obtain  a  high  average  heat  input  and  keep  tempera¬ 
tures  below  tolerable  limits,  calculations  were  made  for  reactors  subject  to 
tapered  heat-flux  profiles,  with  the  maximum  heat  flux  at  the  inlet  (low- 
conversion  end).  Table  68  shows  results  t.f  calculations  where  such  a 
tapered  flux  profile  was  obtained  by  imposing  the  condition  that  the  inside 
■ —  -  -  **  ■*•*-*-✓  *  '**'  ' 
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with  a  tube  diameter  of  O.65  inches,  the  heat  flux  varies  by  a  factor  of 
three  over  the  length;  from  nearly  10®  Btu/hr-ft2  at  the  inlet  to  O.jk  x  10® 
at  the  outlet  end,  with  an  average  value  of  C.62  x  10®.  The  maximum  tempera¬ 
ture,  both  within  the  packing  and  at  the  wall  remain  within  a  safe  range. 

The  first  three  entries  in  this  table  show  the  effect  of  increasing  the  diam- 
eoer  of  the  reactor  tube  with  space  velocity  held  constant.  The  maximum  and 
average  heat  fluxes  increase  as  would  be  expected  due  to  the  decreased  sur¬ 
face  to  volume  ratio  of  the  tube.  However,  the  utilisation  of  the  endothermic 
capacity  of  the  fluid,  as  indicated  by  the  conversion  attained  and  the  total 
heat  Input  In.  3tu/ib  ci  fluid,  decreases  significantly  with  increased  tube 
diameter.  This  decreased  utilization  of  the  endothermic  capacity  of  the  fluid 
together  with  the  added  weight  and  vol’ime  of  larger  diameter  tubes,  attaches  a 
heavy  penalty  to  the  use  of  larger  diameter  tubes  to  increase  permissible  heat 
flux. 
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Table  67.  PREDICTED  EFFECT  GFMASS  VELOCITY  AND  HEAT  FLUX 
IN  COhETANT  FLUX.  K&ACTQRS 

Axlsyraoetrie  oylinder 
L  -  £  ft;  dt  -  O.65  :!  >.  ID 
Dehydrogenation  of  MCri  over  UOP  ft-G 


Inlet  pressure: 
LHSV  •  a/s* 

900 

peig  - 

t-etai  temp: 

900°F 

Mass  Vol, 
Ib/hr-it  , 

G 

Flux, 

Bva/hr-ft2  x  lO6 

peig 

Temp 

Out, 

°F 

Xout 

Bt.i/lb 

Fluid  Max 

Temp,  “F 

At  Wall 

In  Packing 

120,000 

.625 

396 

1145 

.61 

768 

1386 

1223 

100,000 

.625 

263 

12.34 

.69 

921 

1513 

1323 

120,000 

.50 

348 

1010 

.56 

615 

1205 

1075 

100,000 

.50 

248 

IO65 

.64 

737 

1293 

1142 

Table  68.  COMPARISON  OF  PERFORMANCES  CALCULATED  FOR  SEVERAL 
HIOH  OUTPUT  CONDITIONS  FOR  MCH  DEHYDROGENATION 

Axisymmetrie  cylinder 
L  -  2  ft;  LHSV  .  1250 
G  .  120,000  lb|ihr-ft2;  tv  «  1225°F 
P^n  «  900  psig;  «  900°F 


In. 

Rel  Rate, 
Constant 

Tmax  i*1 
Packing 

AP, 

pei 

Temp 

Out, 

Xout 

Btu/lb 

Pleat  1  lux, 
Btu/hr-ft2  x  10° 

°F 

Inlet 

Outlet 

Average 

0.277 

1.0 

1202 

314 

1198 

.70 

905 

.89 

.05 

.31 

O.65 

1.0 

1142 

437 

1100 

.63 

760 

•  95 

.34 

.625 

1.32 

1.0 

1066 

koP. 

9.15 

).Q 

•  1-W 

\.rr\ 

ww 

1.1 

.62 

•  76 

O.65 

2.0 

1134 

511 

1086 

.77 

675 

1.0 

•37 

•  71 
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The  basic  barrier  to  attaining  higher  heat  flux  and  higher  utiliza¬ 
tion  of  endothermic  capacity  uf  the  fuel  ie  the  slow  rate  of  reaction  at 
moderately  high  conversion.  As  an  indicat-ion  of  the  benefit  which  could  be 
obtained  from  the  use  of  a  more  active  catalyst,  the  calculation  summarized 
in  the  bottom  line  of  Table  68  was  carried  out.  Here,  a  reaction  rate  was 
assumed  twice  that  obtained  with  our  current,  oauaryeie.  for  me  same  con-* 
figuration  and  conditions,  'his  postulated  increase  in  reaction  rate  resulted 
in  an  increase  in  conversion  from  Syfa  to  T!$  and  of  average  heat  flux  from 
O.625  x  10®  bo  0.71  x  10s  Bt,u/hr-ft2.  Ev,en  this  quite  substantial  increase 
in  activity  would  leave  nearly  a  quarter  of  the  endothermic  capacity  of  the 
fluid  unused.  Utilizing  this  remaining  fraction  would  require  a  second  stage 
catalytic  reactor  operated  at  lower  space  ’>alocity,  operating  to  extract  heat 
from  a  load  less  intense  than  the  combustor  walls. 

One  Side  Heating  of  Reactor  Tubes 


Ailnough  the  preceding  calculations  nave  been  discussed  with 
reference  to  heat  fluxes  expected  in  regenerative  cooling  of  the  combustion 
chamber,  these  calculations  were  made  for  a  cylindrical  tube  configuration 
uniformly  heated  around  its  periphery.  In  a  regenerative  application,  the 
tube  would  in  fact  be  largely  heated  from  one  side.  A  more  realistic,  simple 
approx imat  L  uO  thi  s  condition  might  be  to  consider  the  catalytic  reactor  as 
a  flat  plate  of  thickness  t,  length  L,  ana  indefinite  extent  (essentially 
infinite)  in  width,  heated  on  one  side  of  the  thickness  and  adiabatic  on  the 
other.  ,r“ing  the  version  of  the  packed  bed  reactor  program  incorporating  the 
most  recent  modifications,  exploratory  calculations  were  made  for  this  con¬ 
figuration  as  veil.  Results  obtained  are  illustrated  by  Table  69. 

Table  69.  EFFECT  OF  BED  THICKNESS  ON  PERFORMANCE  OF  FLAT-PLATE 
CATALYTIC  REACTOR  FOR  DEHYDROGENATION  OF  MCH 


Length,  ft  2 

Catalyst  Pellet 

Diameter,  in.  l/l6 


Mass  Velocity,  lb/hr-ft2  100,000 
Inlet  Temperature,  °F  900 
Inlet  r,~r"Eurc,  psig  90c 
LH5V  1,000 


11CUVCU  i  OOC 

metal  wall. 


of  reactor  maintained  at  1225°F  on  inside  of 


Thickness, 

in. 

Heat  Flux, 
Btu/hr-ft  , 
x  10s 

rieat  Input 
to  Fluid, 

■  Btu/lb 

Conversion 
of  MCH 

Outlet 

Temp, 

°F 

Pressure 

Drop, 

pei 

Maximum 

Average 

O.36 

•  9.3 

•  74 

497 

.528 

900 

240 

0.24 

.87 

.69 

685 

.644 

1000 

240 

0.18 

.84 

.61 

808 

.705 

1084 

215 

0.144 

.84 

•  52 

874 

•  73 

1133 
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d(  *  0.65  inches 
G  «  120,000  LHSV  =  1250 
Total  Heat  Added  -  768  Btu/lb 
&P  =  396  psi 

Xoyt  -  0.606 

Pin  =  900  psig 
Tjn  =  900°F 

Ht  at  Flux  -  625,000  Btu/hr-ft*  (constant) 


Length,  ft 

Figure  66.  CALCULATED  AXIAL  TEMPERATURE  PROFILES 
FOR  DEHYDROGENATION  OF  METHYL  CYCLOHEXANE 
AT  HIGH  HEAT  FLUX 
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The  baaio  features  of  results  with  the  flat  plat  :  configvxatl on 
are  similar  to  \hose  with  the  axisymmetrie  cylinder .  An  average  flux  over 
a  two-foot  length  of  O.5-O.7  x  10“  Btu/hr-ft"  can  be  attained  with  reaeonaole 
utilization  of  the  endothermic  capacity  of  the  fuel.  Some  compromise  between 
maximum  heat  flux  and  utilization  of  the  available  capacity  of  the  fuel  to 
take  up  heat  must  be  made.  With  the  flat  plate  configuration,  the  dimension 
of  the  layer  compared  to  the  particle  diameter  becomes  more  critical.  The 
region  of  dimension  which  appears  to  be  most  favorable  is  a  thickness  of  only 
two  to  four  particle  diameters. 

High-Flux  Test  Section  for  FS5TR 

Application  of  a  catalytic,  heat-exchanger  reactor  to  regenerative 
cooling  of  the  combustion  chamber  of  a  hydrocarbon-fueled  scramjet  would 
require  that  the  reactor  accept  a  heat  flux  of  106  Btu/hr-ft2  or  greater.  In 
our  experiments  in  the  FSSTR,  the  highest  heat  flux  employed  in  any  experi¬ 
ment  was  51,000  Btu/hr-ft2,  lower  by  twentyfold.  Even  in  view  of  the 
success  we  have  had  simulating  experiments  with  the  mathematical  model,  ve 
believe  experiments  at  conditions  nearer  to  those  of  application  are 
desirable,  before  design  of  a  practical  system. 

The  equipment  to  be  used  for  these  experiments  is  described  else¬ 
where  in  this  report.  Its  design  basis  involves  attempting  to  reach  the 
highest  possible  heat  flux  input  within  the  constraints  of  using  the  existing 
power  supply,  fuel  feed  system,  and  preheating  arrangements.  The  computer- 
program  model  was  used  to  predict  the  extreme  conditions  under  which  the 
experimental  apparatus  could  be  operated.  Two  examples  of  calculations  for 
this  equipment  are  given  in  Table  70.  The  fuel  to  be  used  is  MCH.  The 
conditions  indicated  for  A  in  the  table  may  be  barely  attainable  due  to  the 
high  pressure  drop.  However,  maximum  temperatures  appear  to  be  within 
reasonable  upper  limits.  At  the  lower  mass  velocity  and  higher  heat  flux 
of  conditions  B,  the  pre -sure  drop  is  reasonable  but  maximum  temperatures 
predicted  are  probably  above  the  upper  limit  tolerable  by  the  hydrocarbon 
without  significant  coke  formation-  On  the  basis  of  such  calculations  the 
region  to  be  investigated  in  tills  apparatus  has  been  selected  as: 

1.5  x  105  <  G  <  2.0  x  IQ5  lb/hr-l't2 

2  x  10=  <  q/A  <  3-5  x  10s  Btu/hr-ft2 

The  upper  limit  of  the  heat  flux  is  indefinite  and  will  be  approached  gradu¬ 
ally  in  the  experiments.  The  heat  flux  which  we  expect  to  attain  in  these 
experiments  is  a  factor  of  six  greater  than  in  our  previous  experiments,  and 
should  be  within  a  factor  of  2-3  of  the  maximum  to  be  anticipated  in 
practical  application. 

Shock  Tube  Studies  of  Ignition  Delays  of  Hydrocarbons 

Under  the  previous  contract  on  this  subject  (AF  33(657)-11096)  a 
pregram  of  measurement  of  ignition  delays  of  hydrocarbon-oxygen  inert 
mixtures  was  initiated.  Experimental  methods  and  equipment  have  been 
described  in  reports  under  that  contract. 2)3)  Work  in  the  same  area  has  been 
carried  out  under  the  present  contrac  c,  with  the  general,  objective  of  providing 
information  on  tbe  time  required  for  ignition  of  hydrocarbon  air  mixtures  in 
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Table  70-  PREDICTED  PERFORMANCE  OF  HIGH  HEAT  FLUX 
TEST  SECTION  FOR  TWD  SETS  OF  CONDITIONS 

Length:  2  ft 

Tube  Diameter:  0. 277-in-  ID 


Conditions 

A 

B 

LHSV 

2080 

1560 

Mass  Velocity,  Tb/hr-ft® 

2  x  10s 

1.5  x  10s 

Heat  Flux,  Btu/hr-ft2 

3  x  10s 

5-5  x  10s 

Inlet 

Temp,  *F 

900 

900 

Pressure,  psig 

900 

900 

Heat  Added,  Btn/lb 

520 

8lO 

Outlet 

Temp,  °F 

1075 

1253 

Pressure,  psig 

57 

494 

Conversion 

0.4l 

o.yr 

Maximum  Temp,  JF 

Outside  Tube  Wall 

1202 

1402 

Fluid  at  Wall 

1142 

1323 

Fluid  in  Catalyst 

108? 

1248 
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the  tesjjerature  range  iJ00-i300*F.  Such  infer  mat  ion  is  being  supplied  to 
assist  in  screening  hydrocarbon  fuels  for  application  to  super sonio  combustion 
systems  and  in  the  analysis  of  the  supersonic  combustion  of  hydrocarbons. 

Using  the  same  techniques  described  in  previous  reports,  vork  was 
done  on  three  high-boiling  materials:  n-dodecane,  decalin,  and  a-methyl 
decal in,  to  extend  the  range  of  conditions  under  which  they  had  been  studied. 
Two  new  species,  ethane  and  ethylene  were  investigated.  A  few  additional 
experiments  were  done  on  methane  and  propane  as  fuels.  Results  are  tabulated 
in  Tables  76  through  82  in  the  Appendix. 

Ethane  and  Ethylene 

Our  previous  survey  of  ignition  characteristics  of  hydrocarbons  has 
not  included  the  Ca's.  They  have  not  been  seriously  considered  as  potential 
heat  sink  fuels  since  they  appear  to  offer  no  significant  advantages  over 
methane  as  cryogenic  fuels.  Furthermore,  the  highly  refractory  nature  of 
methane  led  us  to  anticipate  that  the  C2 ' s  would  also  require  r+,  least  some¬ 
what  more  severe  conditions  for  ignition  than  the  higher  molecular  weight 
hydrocarbons  and  hence  be  no  more  attractive  as  potential  fuels  for  supersonic 
combustion.  However,  recently  White3*)  reported  that  acetylene  and  ethylene 
have  ignition  delays  similar  to  and  in  some  cases  shorter  than  hydrogen  in 
very  lean  mixtures  under  low  pressure  conditions.  It  was  therefore  agreed  to 
include  ethane  and  ethylene  in  our  experimental  program;  in  these  cases 
extending  the  range  of  conditions  to  leaner  mixtures  than  we  had  studied  with 
most  other  hydrocarbons  in  order  to  allow  a  cross  comparison  of  our  results 
for  ethylene  with  those  obtained  by  using  a  different  experimental  technique. 

For  ethylene,  in  lean  and  dilute  mixt,-.  es,  the  results  we  obtained 
compared  well  with  White's  correlation,  rigure  67  shows  a  comparison  for  a 
set  of  data  obtained  with  a  1$  ethylene  plus  oxygen  mixture  in  argon  at  an 
equivalence  ratio  of  0.1.  Cur  experimental  points  indicate  ignition  delays 
about  30$  shorter  than  -hose  given  by  White's  correlation  as  shown  iu 
Figure  67 .  which  he  icpresented  by 

logCnQgl^-^CCalU]2/3)  «  -11.0  +  . 

It  is  significant  that  these  data,  in  addition  to  agreeing  reasonably  well  in 
magnitude,  also  support  the  low  temperature  coefficient  of  the  correlation; 
viz.,  an  activation  energy  for  ignition  of  17.9  kcal/mole- 

At  higher  concentrations  of  fuel,  our  data  indicate  a  radical 
change  in  the  dominant  ignition  process,  since  the  apparent  activation  energy 
increases  to  about  37  koal/ncie.  In  our  experiments  the  boundary  of  the  low 
activation  energy  region  in  which  White's  correlation  applies  appears  to  be 
set  by  the  concentration  of  ethylene  being  less  than  about  10-5  moles/liter, 
rather  than  by  a  critical  value  of  the  fuel-oxygen  ratio.  At  an  equivalence 
ratio  of  0.1,  the  low  activation  energy  behavior  was  observed  when  the  fuel 
plus  oxygen  concentration  was  l$m  but  not  when  the  fuel  plus  oxygen 
concentration  was  l(#m  or  2 Qfim. 

In.  the  region  ui'  wvre  practical  importance,  with  higher  ethylene 
concentration,  the  ignition  delay  continues  to  decrease  with  the  first  power 
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Figure  67.  COMPARISON  OF  ETHYLENE  IGNITION  DATA 
WITH  WHITE’S  CORRELATION 
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of  pressure.  This  pressure  dependence  appears  to  be  due  to  dependence  upon 
the  concentration  of  reactants  only  (oxygen  plus  ethylene),  not  involving  any 
dependence  upon  the  concentration  or  partial  pressure  of  the  inert  diluent. 

The  ignition  delay  decreases  almost  proportionately  to  the  concentration  of 
total  reactants  from  to  20tm.  This  strong  dependence  upon  concentration 
results  in  the  lowest  delays  we  have  measured  for  any  hydroc srfoons  in  2056  m 
reactant  mixtures.  Figur-  6P  shows  data  ob+c-ined  at  this  concentration  with 
an  equivalence  ratio  of  0.1. 

A  further  difference  between  ethylene  and  the  higher  hydrocarbons 
we  have  studied  previously  is  the  occurrence  of  a  minimum  In  ignition  delay 
as  a  function  of  equivalence  ratio.  The  form  of  White's  correlation  clearly 
shows  the  ignition  delay  decreasing  with  increasing  fuel  concentration  (ca 
equivalence  ratio)  in  the  lean  and  dilute  region.  This  pattern  holds  even 
in  the  more  concentrated  fuel  mixtures  ( in  which  a  stronger  dependence  of 
celay  upon  te.nperature  was  observed)  up  to  an  equivalence  ratio  of  about  0.5. 
At  this  equivalence  retie  a  minimum  delay  time  is  reached;  further  increases 
in  fuel -to —oxygen  ratio  increasing  the  delay.  On  the  basis  cf  the  existence 
of  this  minimum  delay  region,  ve  would  predict  by  extrapolation  that  the 
ignition  delays  for  stoichiometric  ethylene  in  air  would  be  about  the  same 
as  those  measured  for  equivalence  ratios  of  0.1  or  0.2  in  the  mixtures  with 
805601  argon;  thus,  at  1  atm,  the  anticipated  temperature  for  a  1  millisecond 
delay  would  be  l40G-l450*F  (compared  to  I55O-I0OO  for  MCH). 

The  quantitative  ignition  behavior  of  ethane  was  similar  to  that  of 
ethylene.  Ignition  delays  depended  upon  pressure  to  the  inverse  first  power 
throughout  the  region  studied.  A  minimum  in  ignition  delay  with  equivalence 
ratio  was  observed  centered  about  an  equivalence  ratio  of  0.5,  but  this  mini¬ 
mum  was  much  broader  and  less  marked  than  with  ethylene.  A  low  fuel  concen¬ 
tration  region  in  which  the  influence  of  temperature  on  ignition  delay  was 
lower  than  normal  was  also  observed,  bounded  by  an  ethane  concentration  of 
about  10“5  moles/liter.  However,  the  effect  of  reactant  concentrations,  in 
particular  oxygen  concentration  on  ignition  delay  was  much  less  for  ethane 
than  for  ethylene.  Thus,  although  in  very  lean  and  dilute  mixtures  these 
two  On  *s  have  about  the  same  ignition  delays,  in  mixtures  of  greater  practical 
interest,  (i.e.,  2056  total  reactant)  ethane  has  ignition  delays  significantly 
larger  than  ethylene,  tuni  in  fact  these  lie  in  the  region  characteristic  of 
the  higher  molecular  weight  paraffins . 

The  data  obtained  for  ethane  ignitions  have  been  divided  into  three 
regions  of  independent  variables,  and  approximate  correlations  obtained  for 
ignition  delay  in  each  region.  The  correlating  equations  are  given: 


I 


! 


1.  Very  lean  and  dilute  mixtures  with 

(CaHs)  <  10-5  m /£ 


log1D  |T(C2Ha)1/a(«)i/J?]  »  -10.0  +  jj- 


18.000 


where  t  is  in  seconds,  (CsHg)  in  moles/liter  and  (M)  represents  the  total 
concentration  of  all  species  including  inerts. 
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These  correlations  are  compared  with  the  experimental  data  for  the  appropri ate 
region  in  Figures  09,  [0,  ana  71- 

n-Podec  ane 

By  modification  of  our  procedure  in  making  up  the  fuel-oxygen-inert 
premia,  it  was  possible  to  extend  rhe  range  of  mixtures  of  n-dodecane  studied 
to  slightly  higher  fuel  concentrations.  The  modification  involved  making  the 
premix  up  to  a  lower  total  pressing,;  thn-j,  only  a  few  experiments  could  be 
made  from  each  tank,  of  premix.  The  maximum  n-dodecane  concentration  obtained 
in  this  way  allowed  us  to  study  l$bi  fuel  plus  oxygen  in  argon  at  n.i  equiva¬ 
lence  ratio  of  0.5  and  a  ‘Jjhm  fuel  plus  oxygen  at  an  equivalence  ratio  of  0,1. 

Ignition  delays  for  these  mixtures  showed  close  correspondence  with 
those  for  n -octant  under  the  same  conditions  both  in  absolute  magnitude-  and 
in  response  of  ignition  delay  to  changes  in  experimental  variables  (i.e., 
temperature,  equivalence  ratio,  concentration,  and  pressure) .  Thus,  the 
results  obtained  with  tnese  additional  mixtures  offer  support  to  our  previous 
conclusion  that  n-oetanc  can  be  used  as  a  model  compound  for  predicting  the 
ignition  delays  of  heavier  n-paraffins. 

Pecalin  and  a-Methyldecalin 

Similarly,  the  concentration  range  for  decal in-oxygen  argon  mixtures 
was  extended  by  making  up  the  premixes  to  a  lower  total  pressure.  In  this 
case,  additional  mixes  of  10$m  decali->  plus  oxygen  with  an  equivalence  ratio 
of  0.2  and  2U$m  fuel  plus  oxygen  with  0.1  equivi  ence  ratio  were  studied. 
Ignition  delays  measured  for  these  mixtures  folltwed  the  same  pattern 
observed  for  the  lower  concentrations  of  deenlin  -  the  ig:  ■* tier,  delay  for 
decalin  was  identical  to  that  for  methylcyclohexane  at  the  same  conditions 
(i.e.,  temperature,  pressure,  equivalence  ratio,  and  concentration).  Data 
for  one  of  the  mixtures  studied  are  compared  with  those  for  MCK  in  Figure  J2. 

Two  mixes  with  a-methyldecalin  as  fuel  were  made  up  to  fairly  low 
fuel  concentrations  (.1$  and  lOjfcm  fuel  plus  oxygen,  both  at  0.1  equivalence 
ratio)  for  exploratory'  determination  of  the  ignition  behavior  of  this  bicyclio 
naphthene.  Measure  cents  with  this  fuel  gave  ignition  delays  which  were  indis¬ 
tinguishable  from  those  of  decalin  (and  MJH) .  Apparently  the  methyl 
substitution  on  the  decal  In  has  no  i#  ~ iouuerico  or  j  vXon 

delayu 

Methane 


Ignition  delays  were  measured  for  one  additional  methane  mixture, 
805&m  argon,  with  an  equivalence  ratio  of  0.1.  We  believe  these  data  presented 
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In  Figure  "fj  give  a  realistic  lower  bound  to  the  Ignition  delays  which  can 
I  -  expected  vxxn  nfexnane-a.tr  mixtures  at  moderate  pressures.  These  and 
previous  data  at  somewhat  richer  but  more  dilute  mixtures  ( APL-TDR  64-100 
Pt  II)  indicate  an  inverse  first  order  dependence  of  delay  on  total  pressure 
and  a  temperature  coefficient  corresponding  to  an  activation  energy  of  about 
25-30  keal/moie  for  ignition  of  methane  in  lean  mixtures.  This  is  in  contra¬ 
distinction  to  the  activation  energy  of  45-50  kcal/moie  indicated  by  the  da+a 
of  Skinner  and  Ruehrwein35)  and  Aaaba  et  al.33)  [Ninth  Symposium  on 
Combustion,  p.  195f  (1963)1  and  our  own  earlier  data  for  mixtures  on  the  rich 
side  of  stoichiometric.  The  present  body  of  data  for  lean  mixtures  is  inade¬ 
quate  to  define  the  dependence  of  ignition  delay  on  the  separate  concentra¬ 
tions  of  oxygen  anu  fuel.  However,  the  data  indicate  that  in  toe  region 
ciimHed  delays  decrease  with  increasing  oxygen  concentration  and  increase 
with  increasing  fuel  concentration  probably  throughout  the  whole  region. 

Thus  increasing  the  equivalence  ratio  above  the  value  of  0.1  at  vaioh  the 
t'r-;,ent  measurements  were  made  will  certainly  increase  the  delay  above  the 
measured  value. 


Examination  of  Experimental  Method  and  Equipment 


A  second  major  area  of  work  undertaken  has  been  to  determine 
experimentally  the  limitations  of  the  present  method  and  equipment  (as  used 
for  the  past  two  years)  and  to  consider  the  capabilities  of  additional 
instrumentation  for  improving  both  the  accuracy  and  kind  of  results  obtained. 
Since  these  experiments  were  aimed  at  examination  of  experimental  methods, 
they  were  restricted  to  fuels  and  mixture  ratios  which  had  been  examined 
previously.  Thus,  the  results  presented  in  Tables  83  through  86  in  the 
Appendix  do  not  cc  m  new  fuels  uc  wider  ranges  of  conditions  than  those 
previously  reported.2'3)  The  conclusions  based  upon  these  experimental 
results  may  be  grouped  into  three  general  categories:  l)  those  bearing  upon 
limitations  of  our  method  for  determining  ignition  delays;  2)  the  potenti¬ 
ality  for  improvement  of  detection  of  ignition  delay  by  using  observation  of 
infrared  emission  from  the  igniting  gas;  and  3)  the  possibility  of  obtaining 
additional  information  on  pre-  and  post-ignition  phenomena  by  observing 
infrared  emission  as  a  function  of  time.  Because  the  use  of  infrared  detec¬ 
tion  equipment,  was  an  integral  part  of  each  of  these  categories,  a  brief 
description  of  the  equipment  used  is  given  before  further  discussion  of  the 


Infrared  Equipment 


The  additional  eiiuipnfeuo  used  allowed  observation  of  infrared 
emission  at  specific  wavelengths  from  the  gas  before,  during,  and  after 
ignition.  The  observation  of  infrared  emission  is  made  in  the  same  plane 
(approximately  17  feet  from  the  diaphragm  of  the  shock  tubes)  used  for 
measurement  of  visible  light  emission  and  observation  of  pressure.  The 
radiation  is  allowed  to  pass  through  a  sodium  chloride  window  into  the 
monochromator  of  a  Beckman  IR-7  infrared  spectrophotometer.  The  mono¬ 
chromatic  radiation  separated  by  this  instrument  is  detected  by  either  an 
indium  antimonide  detector  cooled  to  liquid  nitrogen  temperature  or  a 
copper-doped  germanium  detector  cooled  to  liquid  helium  temperature.  The 
signal  from  the  detector  is  amplified  by  a  Tektronic  type  122  low  level 
preamplifier  and  then  fed  to  an  oscilloscope  where  the  intensity  of  the 
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emission  at  the  frequency  set  on  the  monochromator  is  displayed  as  a  time tiL  n 
of  time.  Several  frequencieu  could  be  examined  under  the  same  conditions  by 
repeating  the  experiment  in  the  a hock  tube  with  the  monochromator  set  for  a 
different  frequency  for  each  run. 

The  principal  advantage  gained  by  observing  infrared  emission  is 
the  ability  to  detect  the  appearance  and  growth  of  concentration  of  particu¬ 
lar  molecular  specier.  If  the  frequency  observed  is  properly  selected,  it 
can  be  clearly  associated  with  the  presence  of  a  particular  molecular  species 
(e.g.,  COg,  H?Q,  CO).  Thus,  the  observed  event  of  ignition  using  this  method 
is  the  appearance  of  the  species  associate!  with  the  frequency  being  followed. 
Furthermore,  since  the  intensity  of  emission  is  dependent  upon  the  concentra¬ 
tion  of  the  emitting  species,  the  possibility  exists  that  the  time  histories 
of  concentrations  of  particular  species  (during  the  combust  on  process)  can 
be  obtained  from  the  infrared  emission  traces. 

Limitations  of  the  Experimental  Method 

The  objective  of  the  experiments  i  1  the  shock  tube  is  the  measure¬ 
ment  of  the  time  between  heating  of  the  gas  by  the  shock  wave  and  the 
detectable  onset  of  combustion.  In  our  equipment,  the  measurement  made  at 
a  given  point  along  the  tube  is  the  time  between  passage  of  the  shock  wave 
and  the  combustion  front  (or  wave).  Fundamental  to  the  interpretation  of 
true  measured  quantity  as  proportional  to  the  ignition  delay  is  the  assump¬ 
tion  that  both  shock  wave  and  combustion  front  are  well -developed  fronts 
moving  along  the  tube  at  the  same,  constant  velocity,  with  a  fixed  distance 
between  them.  This  condition  is  approximately  met  in  our  apparatus  except 
for  mixtures  in  which  it  is  possible  for  the  flame  front,  to  develop  into  a 
detonation.  Then,  the  first  formation  of  tlie  flame  front  occurs  some 
distance  behind  the  shock  wave.  However,  the  flame  front  accelerates,  once 
formed,  until  it  overtakes  the  original  shock  wave.  In  one  limiting  case, 
the  detonation  is  fully  developed  before  reaching  the  point  at  which  it  is 
observed.  Then,  the  pressur :■  and  temperature  rise  and  velocity  of  the  wave 
are  characteristic  of  a  detonation  in  the  mixture  composition  and  not  related 
to  the  shock  wave  parameters.  Under  somewhat  less  severe  conditions  the 
shock  wave  and  flame  front  have  merged  but  the  detonation  is  not  yet  fully 
developed.  These  two  cases  yield  no  information  from  which  a  delay  time 
could  be  calculated.  They  are  easily  recognized  since  the  appai-enl  delay 
time  is  zero  (the  flame  front  coincides  with  the  shock  front)  and  the 
pressure  rise  at  the  front  is  usually  excessive  for  the  conditions  of  the 
experiment.  With  slightly  less  severe  conditions  yet,  the  flame  front  has 
not  yet  merged  with  the  shock  front  at  the  observation  point.  An  apparent 
(but  not  physically  meaningful)  delay  time  is  observed  in  such  a  case,  and 
the  fact  that  the  flame  front  is  accelerating  is  not  readily  detected. 
Fortunately,  such  behavior  is  observed  only  under  conditions  very  near  to 
those  giving  a  more  recognizable  detonation  and  even  then,  the  apparent 
delay  is  very  sensitive  to  experimental  conditions.  The  capability  of 
detonation  of  certain  mixture  compositions  places  severe  restrictions  on  the 
range  of  mixture  ratios  and  concentrations  for  which  we  ire  able  to  study 
ignition  delays  with  the  method  and  equipment  we  have  been  using.  For  all 
of  the  hydrocarbons  studied,  no  detonations  have  been  observed  for  even 
stoichiometric  mixtures  containing  one  percent  or  less  oxygen.  At  five 
percent  oxygen,  stoichiometric  mixtures  can  no  longer  be  studied  and  mixtures 
as  lean  as  0.5  stoichiometric  have  shown  detonations.  With  increasing  oxygen 
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concentration,  i he  ue tunable  region  extends  to  even  lower  equivalence  ratios. 
So  long  as  the  method  used  involves  some  lapse  of  time  following  the  initial 
development  of  the  ignition  front  in  the  apparatus,  before  to  ■  ignition  delaj 
is  measured,  there  seems  little  possibility  of  removing  this  limitation  on 
the  eojwiosition  of  mixtures  which  can  be  studied. 

A  second  apparatus  factor  which  has  not  been  taken  into  account  up 
to  the  present  time  results  from  the  fact  that  the  shock  wave  velocity  is 
attenuated  by  friction  in  the  tube  and  moves  at  a  velocity  which  decelerates 
slightly  as  the  wave  progresses  down  the  tube.  As  a  consequence  of  this 
attenuation,  che  pressure  and  temperature  rises  following  the  shock  decrease 
as  the  wave  progresses  down  the  rube.  The  pressure  profiles  obtained  in  our 
experiments  indicate  a  decrease  in  pressure  following  the  shock  of  the  order 
of  6-105t  as  tile  wave  moves  from  the  diaphragm  end  to  the  observation  plane. 
The  order  of  attenuation  of  shock  strength  is  compatible  with  that  found  by 
others  in  studies  of  this  phenomenon.37'  In  itself,  thi6  pressure  decrease 
is  not  very  important  because  ignition  delay  is  not  very  sensitive  to 
pressure.  However,  this  pressure  decrease  is  acconpanied  by  a  corresponding 
drop  in  temperatures  following  the  shock.  Thus,  gas  compressed  by  the  shock 
wave  near  the  diaphragm  end  may  be  heated  50-75 hotter  than  gas  compressed 
hy  the  same  wave,  later,  at  the  observation  plane.  In  all  of  the  reported 
data,  the  temperature  reported  has  been  calculated  from  the  shock  velocity 
measured  in  the  two-foot  interval  immediately  upstream  of  the  observation 
plane.  This  temperature  is  very  nearly  correct  for  short  ignition  delays 
(<600  nsec)  ,  since  for  these  cases  the  gas  observed  igniting  was  shocked 
within  this  two-foot  interval .  For  long  ignition  delays,  the  gas  observed 
igniting  was  compressed  much  nearer  the  diaphragm  and  to  a  significantly 
higher  temperature.  A  first-order  correction  far  attenuation  may  be  applied 
by  adding  to  the  reported  temperature  an  increment  proportional  to  toe 
measured  ignition  delay,  with  a  maximum  correction  of  SO-jyc  applied  to  toe 
temperatures  corresponding  to  observed  delays  of  3500  M&ec .  The  effect  of 
this  correction  on  correlation  of  ignition  delays  is  to  raise  the  apparent 
tenperature  coefficient  of  ignition  slightly  and  to  bring  toe  points  corre¬ 
sponding  to  long  ignition  delays  into  better  correlation  with  the  remainder 
of  toe  data.  This  is  shown  in  Figures  jk  and  75.  The  data  are  shown  in 
Fignt-p  74  without  correction  of  the  temperature  for  shock  wave  attenuation. 

In  Figure  75  a  maximum  increment  of  60°C  was  added  to  the  point  with  longest 
delay  and  the  temperatures  for  shorter  delays  were  incremented  proportion¬ 
ately.  The  dotted  line  in  Figure  73  is  the  line  from  Figure  7^  and  the  solid 
line  is  the  new  line  of  best  fit  for  the  corrected  points.  We  have  not  yet 
attempted  to  review  our  earlier  data  to  make  corrections  for  shock  wave 
attenuation.  However,  data  obtained  subsequently  and  discussed  in  the 
following  sections  have  been  corrected  for  this  effect. 

Detection  of  Ignition  by  Infrared  Emission 

A  number  of  series  of  experiments  were  carried  out  using  infrared 
detection  equipment  in  order  to  determine  whether  this  method  could  be  used 
to  determine  toe  onset  of  combustion  and  whether  it  offered  significant 
advantages  over  visible  light  detection.  Observation  of  emitted  radiation 
was  concentrated  on  frequencies  characteristic  of  two  combustion  products, 

C0Z  at  2300  enr1  and  CO  at  2050  cm-1.  Of  these  two,  because  of  the  more 
intense  emission  by  a  given  concentration  and  consequently  higher  potential 
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Figure  74.  COMPARISON  OF  IGNITION  DELAYS  DETECTED 
BY  TWO  METHODS  FOR  A  PROPANE-  OXYGEN- 
ARGON  MIXTURE 
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Figure  75._  IGNITION  DELAYS  FOR  PROPANE-OXYGEN-ARGON 
WITH  TEMPERATURE  CORRECTED  FOR  SHOCK 
WAVE  ATTENUATION 
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signal -to-noise  ratio  in  the  recorded  signal,  CO-  uj.-pearod  to  be  the  mire 
promising  combustion  product  to  observe. 

Figures  (Ch  and  ?6b  show  cu1.  ibrations  obtained  when  COg  sad 
CO  in  argon  were  chock-heated  to  a  temperature  of  1250“ C .  Although  the 
gains  used  in  amplifying  the  two  signals  were1  adjusted  to  give  about  the 
same  maximum  height  cf  the  trace,  the  higher  signal  to  noise  ratio  obtained 
for  GCg  is  apparent.  For  both  species,  the  infrw'.d  emission  ( lower  trace 
in  fti'Vh  uiaturc)  begins  to  rise,  very  closely  coincident  with  the  pressure 
increase  of  the  shock  wave  (upper  trace  in  each  picture).  For  C.Op,  there  is 
neither  log  of  emission  behind  the  pressure  trace  which  would  indicate  some 
additional  relaxation  process  between  forming  heated  molecules  and  their 
starting  to  emit,  nor  lead  which  would  be  a  consequence  of  detection  of 
light  reflected  ahead  of  the  shock  front.  The  CO  emission  builds  up  much 
more  slowly  to  its  maximum  value. 

With  visible  light  detection,  it  has  been  observed  under  detonation 
or  near  detonation  conditions  that  light  Is  detected  at  the  measurement  sta¬ 
tion  as  much  as  100  pse<'  ahead  of  the  shock  front  Treasure  rise.  Such  a 
phenomenon  can  only  be  he  i csult  of  detecting  light  reflected  ahead  of  the 
actual  combustion  front.  Thus,  particularly  for  short  ignition  delays  there 
has  always  been  the  question  of  whether  the  time  of  arrival  of  the  combustion 
front  was  being  taken  erroneously  from  the  detection  of  this  reflected  light. 
In  the  case  of  infrared  detection,  not  only  do  the  calibrations  Indicate  no 
significant  reflected  radiation  ahead  of  the  front,  but  under  detonation 
conditions,  the  delay  observed  goes  to  zero  ( emission  coinciding  with  the 
pressure  rise)  as  it  should.  This  improvement  in  measurement  of  short 
ignition  delays  with  the  infrared  equipment  is  probably  dee  primarily  to  the 
superior  inlet  collimation  system  used  with  the  mon-  ■ ‘iromator. 

Figures  76c  and  76d  show  comparisons  of  the  COa  (lower)  and  visible 
light  (upper)  traces  obtained  in  two  experiments.  These  indicate  COa  emission 
starting  to  rise  very  slightly  after  the  first  visible  light  is  observed. 

From  pictures  such  as  these  it  appears  that  the  onset  of  combustion  can 
always  (with  hydrocarbons)  be  determined  with  at  least  as  great  precision 
from  the  CQg  emission  as  from  visible  light,  and  in  some  cases  (as  in 
Figure  ?6d)  with  much  bettor  definition.  Figure  77  shows  a  comparison  of  a 
series  of  ignition  delays  determined  for  a  propane  fuel  mixture  vising  both 
methods  of  detection.  The  agreement  of  the  two  methods  is  quite  good  down 
to  delays  of  500  psec.  Below  this,  visible  light  tends  to  indicate  signifi¬ 
cantly  shorter  delay  timea,  probably  because  of  observation  of  light  reflected 
ahead  of  the  combustion  zone.  In  this  region  delay  times  determined  from  00,-> 
emission  are  of  greater  accuracy. 


Figure  77  shows  results  from  two  sets  of  experiments.  I11  each  set 
(a  and  b  or  c  and  d),  the  IR  emission  was  monitored  first  at  2300  czTx  (COa) 
and  then  the  experioE-  t  repeated  monitoring  at  2050  ea”1  (CO).  These  traces 
show  the  much  better  signal -to-noiee  ratio  and  clearer  definition  of  ignition 
obtained  by  following  COs  emission. 

One  further  feature  of  the  IR  emission  traces  in  Figures  76  and  77 
which  should  be  mentioned  is  the  abrupt  decrease  in  emission  1000-1200  psec 
after  the  shock  wave.  This  cessation  of  emission  is  due  to  the  arrival  of 
the  contact  surface  between  the  driver  gas  (helium)  and  the  fuel  mixture  at 
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this  time.  The  arrival  at  1000-1200  yaec  of  the  oont<''*  t  surface  at  the 
observation  window  sets  an  upper  limit  of  about  7500  nsec  to  the  ignition 
delay  times  which  can  be  treasured  in  this  apparatus. 

With  the  more  sensitive  and  accurate  method  of  detection  of  igni¬ 
tion  by  emission  from  CO2  in  the  2J50  cm-1  land  of  the  infrared  available, 

‘ t.  appeared  possible  to  reduce  the  lower  limit  of  delay  times  which  could  be 
measured  with  confidence.  Equipment  was  assembled  to  allow  control  of  the 
triggering  of  the  oscilloscope  uocu  1,0  display  me  output  iron)  pressure 
transducer  and  IR  detector,  whi.-n  enabled  using  a  higher  sweep  rate  on  this 
oscilloscope  to  obtai  i  a  higher  i  mo  resolution  or  the  photographic  record 
of  the  delay  time  data.  While  previously,  sweep  rates  were  limited  to  100 
pccc/em  or  greater,  with  the  additional  control  of  triggering,  sweep  rates 
down  to  10  psec/em  have  been  used  in  recent  experiments.  With  this  increased 
resolution  cf  data,  delay'  times  down  to  about  50  psec  have  been  measured;  and 
we  have  reasonably  high  confidence  in  measurements  down  to  about  100  psec. 
This  represents  an  increase  of  about  a  half-order  of  magnitude  in  the  possi¬ 
ble  range  of  measurements. 

A  few  measurements  v  ovs  been  made  of  the  initial  rate  of  increase 
or  OO2  concentration  following  ignition  of  paraffins  in  lean  mixtures.  In 
these  oases,  a  calibration  for  CO2  concentration  was  obtained  by  running 
some  aux Hilary  experiments  with  a  mixture  containing  rio  fuel,  but  CO2 
equivalent  to  total  combustion  of  the  fuel  in  the  mixture  being  studied. 

This  gave  a  signal  strength  for  maximum  emission  from  the  mixture  following 
combustion.  Signal  strength  from  lower  concentrations  was  assumed  propor¬ 
tional  to  concentration.  These  measurements  are  discussed,  together  with 
ignition  delay  measurements  for  the  compounds  studied  in  the  following 
section. 


determination  of  Concentration  Histories  of  Molecular  Species 


As  a  referexice  for  the  development  of  analytical  models  of  combus¬ 
tion  of  the  fuels  we  have  studied,  it  would  be  desirable  to  hav  •  not  only 
the  ignition  delays  for  these  fuels,  but  in  addition  measurements  of  concen¬ 
tration  histories  of  at  leas;  some  of  the  intermediates  and  combustion 
products  during  the  course  of  combustion.  Since  the  infrared  monochromator 
and  detector  system  which  we  have  been  using  detects  a  signal  whose  intensity 
is  dependent  upon  the  concentration  of  the  emitting  species,  it  has  a  poten- 
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information,  we  have  investigated 


analytically  and  experimentally  the  problems  involved  in  implementing  this 
potentiality.  The  conclusion  reached  is  that  such  information  probably  could 
be  obtained  for  a  limited  range  of  fuel -oxygen-inert  compositions,  However, 
the  effort  required  to  obtain  such  information  would  be  considerably  greater 
than  has  been  planned  for  combustion  research  under  this  contract.  Whether 
this  effort  vox ’Id  be  justified  by  the  value  of  the  data  obtained  is  a  matter 
that  would  have  to  be  carefully  studied  before  proceeding  further. 


The  factors  limiting  c  ^positions  are  the  same  for  this  case,  as  for 
ignition  delays.  Thus,  the  region  of  most  interest,  near-stoichiometric 
mixtures  containing  about  2C$  oxygen,  could  not  be  investigated.  In  the 
study  of  ignition  delays,  tne  reaction  follows  n  near  isothermal  course  up 
to  the  point  of  ignition.  However,  if  concentrations  were  followed  beyond 
this  point,  through  the  exothermic  combustion  zone,  the  reaction  course  would 
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be  nonisothermal  at  i  strongly  dependent  upon  the  mixture  composition,  and  in 
particular  the  heat  capacity  of  the  inert  diluent.  The  data  obtained  from 
the  speoial  oordpositions  with  which  we  work  could  nevertheless  be  used  in 
testing  analytical  mo  els  of  combustion  kinetics,  but  not  at  their  point  of 
greatest  interest. 

The  major  probl*  is,  however,  relete  to  characteristics  of  the 
infrared  cmigeton  Except  for  COs,  the  signal -to-noise  ratio  of  the  detected 
signal  for  the  species  of  interest  does  rvt  allow  a  very  precise  determina¬ 
tion  of  signal  intensity.  The  intensity  of  emission  is  not  in  all  cases 
linaar  in  concentration  of  the  species  emitting,  hence  considerable  calibra¬ 
tion  would  be  required  to  allow  interpretation  of  data  in  terms  of  concentra¬ 
tions,  Finally,  in  the  case  of  CO,  a  strong  tino-Kiependence  of  the  intensity 
of  emission  was  observed  in  the  few  calibration-;  which  were  run.  The  separa¬ 
tion  of  thiB  inherent  siov  rate  of  r'se  01  emission,  from  the  true  rate  of 
cnange  of  concentration  with  time  would  probably  present  e  formidable  problem 
in  interpretation. 

Ignition  Delays  of  Paraffins  With  Unusual  Structures 

It  was  decided  to  reexamine  structural  effects  on  ignition  delays 
and  to  a  lesser  extent  post  ignition  increase  of  COa  concentration,  for  paraf¬ 
fins,  using  the  newly  available  infrared  detection  techniques.  Of  particular 
interest  were  2,2,3,3-tetramethyl  butane  and  neopentene,  two  hydrocarbons  of 
unusual  structure  in  that  they  are  totally  branched  and  oontain  only  primary 
hydrogens.  Normal  octane  and  2,2,3-trimethyl  butane  were  also  incorporaueu 
in  the  experimental  program  for  uoroparison  purposes  as  more  conventional 
paraffin  structures.  Experiments  were  concentrated  in  a  fairly  narrow  range 
of  operating  conditions:  2-l/2  and  fuel  plus  oxygen  and  equivalence 
ratios  of  0.1  and  0.2.  Meat  experiment*  were  done  at  1  atmosphere  pressure, 
but  a  few  at  9  pels.  Because  of  the  decrease  in  the  lower  limit  of  measur¬ 
able  delays  down  to  50-100  psec,  these  compounds  could  be  studied  over  a 
wider  temperature  range  than  was  previously  possible. 

Experimental  results  obtained  are  tabulated  in  the  Appendix 
(Tables  8?  through  90).  In  thes-’  tables,  temperatures  have  been  corrected 
for1  shock  wave  attenuation,  by  ending  to  the  temperature  obtained  from  shock 
wave  velocity  measurement,  an  increment  proportional  tc  delay  time  ( 17M/ 
mill  seoond) . 

Figure  78  shows  examples  of  oHcilloscope  traces  obtained  in  various 
experiments.  The  upper  trace  in  each  case  is  the  output  from  the  pressure 
transducer  and  is  used  primarily  to  indioat, e  the  time  of  arrival  of  the  shock 
wave  at  the  measurement  plane.  (Oscillation  superimposed  on  this  trace  is 
due  to  mechanical  ringing.)  The  lower  trace  is  output  from  the  IR  detector 
monitoring  23>0  cm"1  and  is  approximately  proportional  to  C0z  concentration. 
Figure  76a  wan  obtained  in  a  calibration  run  with  a  mixture  of  C0j>,  oxygen 
-sid  argon  containing  COg  equivalent  to  that  obtained  in  complete  combustion 
of  the  fuel  mixes.  Observed  at  a  sweep  rate  of  10  psec/om,  these  traces 
indicate  that  response  of  the  CO*  detector  leads  tn«  pressure  transducer  by 
about  5  uses.  This  lead  is  presumably  due  to  iaperiect  alignment  of  the 
i ns urumants .  In  subsequent  experiments,  delay  times  measured  were  corrected 
for  this  small  offset.  The  trace  also  indicates  rapid  rise  of  CO*  emission 
following  the  shook,  and  the  level  of  emission  to  be  expected  from  complete 
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oc'!iiba-t'i'.:.u.  Results  from  the  ignition  experiJnents  indicated  an  ultimate 
level  of  Cua  omission  oorr  e spo  a  J  i  ag  to  c deplete  combustion  of  carbon  in  .  ha 
fuel  V>  00a  under  all  conditions  studied.  Figures  7 3b  and  c,  observed  at 
X  (isec/cm,  show  results  fro**  ignition  experiments  resulting  in  fairly  short 
ignition  delay a .  The  rise  of  C02  emission  following  ignition  is  nearly 
linear  in  time  for  the  first  200  nauc,  and  much  slower  than  th»  rise  observed 
with  the  calibration  raiy.  indicating  that  we  rat  observing  formation  of  COa 
due  to  the  combust? on  process.  Figure  ?8d  (at  50  psee/em)  and  Figure  ?8e 
(at  J00  ^aec/co)  shew  unusual  behavior  consistently  observed  with  all  of  the 
hydrocarbons  observed  in  these  experiments  under  short  delay  conditions. 

COa  emission  reaches  a  plateau  level  approximately  100  psee  after  ignition, 
which  persists  until  about  psec  after  the  shock  wave  passage.  The  level 
of  xhe  plateau  is  stout  half  the  level  for  complete  combustion.  No  explana¬ 
tion  for  this  behavior  is  offered.  In  subsequent  interpretation  of  data, 
this  behavior  imo  not  been  taken  into  account. 

Ignition  delay  results  obtained  with  the  paraffins  followed  the 
same  general  patterns  observed  previously.  Delays  at  9  psia  were  about  50- 
50-60$  higher  at  15  and  25  psia.  No  effect  of  pressure  was  observed  between 
15  and  2.5  psia.  No  significant  effect  of  equivalence  ratio  was  detected 
between  0.1  and  0.2.  The  effect  of  temperature  is  reasonably  represented 
by  an  effective  activation  energy  for  ignition  of  “bout  50  3:cf-i/mcl:r.  The 
effect  of  oxygen  concentration  is  significant  but  indicates  a  dependence  of 
ignition  on  oxygen  concentration  somewhat  less  than  first  order.  These 
trends  are  indicated  by  the  data  shown  in  Figure  79  for  ignition  of  n-octane 
uuder  a  variety  of  conditions,  belay  times  for  the  highly  branched 
2,2  3,3-tetramethyl  butane  and  neopentane  showed  the  same  trends  with 
pressure,  temperature  and  concentrations,  but  were  about  a  factor  of  two 
greater  than  those  for  n-octane.  These  are  shown  in  figure  8 0  and  8l. 

Delays  for  less  branched  2,2,3-trimethyl  butane  were  only  slightly  shorter 
than  those  for  2,2,3,3-tetramethyl  butane. 

From  these  data  it  is  concluded  that  ignition  delay  is  not  greatly 
influenced  by  the  character  of  the  hydrogens  in  the  originel  fuel  hydrocarbon. 

The  highly  branched  neopentune  and  2,2,3,3-tetramethyl  butane  contain  only- 
primary  hydrogens,  while  n-octane  contains  predominantly  secondary  ones,  and 
the  intermediately-branched  compounds,  contain  tertiary  hydrogens.  However, 
this  rack  of  influence  of  hydrogen  character  may  be  due  to  hydrocarbon 
cracking  prior  to  ignition,  which  would  cause  the  delay  +0  he  more  dependent 
on  the  character  of  the  cracking  fragments  than  on  the  nature  of  the  parent 
hydrocarbon.  Tseng38'  has  studied  cracking  behavior  of  these  hydrocarbons 
and  finds  rate  constants  for  cracking  of  I04  sec-1  or  higher  ir  the  middle 
of  the  temperature  range  which  we  studied.  However,  since  the  activation 
energies  for  cracking  are  much  higher  than  for  ignition,  Tseng’s  results 
would  suggest  that  there  may  be  a  change  in  the  character  of  the  ignition 
process  at  lower  temperatures  where  cracking  is  slow  compared  with  ignition. 

On  the  other  hand  the  difference  in  behavior  of  the  two  types  of  hydrocarbons 

(i.e.,  me thane/e thane  vs  the  highly  branched  ones)  may  simply  be  due  to  the 

fact  that  the  more  complex  hydrocarbons  have  many  more  degree.,  of  Vibrational 

freedom  and  hence  the  chance  of  localizing  sufficient  energy  in  any  one  C-H 

bond  coincident  with  a  collision  with  an  oxygei.  atom  or  molecule  is  very  much  . 

greater..  The  shorter  ignition  delays  and  complex  temperature  response  of 

ethane  and  ethylene  would  tend  to  support  this  suggestion.  . 

s 
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In  the  examination  of  the  post-ignltlon  appearance  of  JOg  it  was 
found  that  the  initial  rate  of  apoearar.ee  (over  at  least  the  first  100-300 
peec)  following  ignition  may  be  described  by: 

R  .  k(C*-C ) 

where  C*  is  the  ultimate  (total  combustion)  concentration  of  COg  and  C,  the 
current  value.  The  rate  constant,  k,  was  found  relatively  insensitive  to 
temperature,  with  an  aotivation  energy  of  about  7  keal/mole  or  less;  and  has 
a  value  of  19s  sec-1  in  the  middle  of  the  temperature  range  studied  (<ij>OOl'K) , 
No  significant  effect  of  oxygen  concentration  on  this  rate  was  found.  n»+» 
obtained  for  COe  formation  from  n-octane  arp  shown  rig'die  on.  The  0x1st 
significant  observation  he^p  is  the  low  activation  energy  for  post-lgniuion 
combustion,  me  indication  is  that  combustion  proceeds  at  a  rate  nearly 
independent  of  temperature,  after  ignition,  and  thet  a  matter  of  several 
milliseconds  will  be  required  for  relatively  complete  combustion.  It  should 
be  pointed  out  that  these  resultB  are  limited  to  quite  lean  mixtures,  however, 
hence  the  conclusion  may  not  be  safely  extrapolated  to  near  stoichiometric 
conditions. 

Small-Scale  Subsonic  Combustion  Tests 


In  order  to  study  the  combustion  properties  of  endothermic  fuels 
and  reaction  products  under  subsonic  conditions,  a  small-scale  combustor  in 
which  fuel  can  be  burned  over  a  wide  range  of  operating  conditions  was 
designed  and  constructed.  A  first  version  of  this  equipment  was  constructed 
as  o  part  of  the  previous  contract.  Its  design  and  application  to  the  burn¬ 
ing  of  propane,  M!H  and  toluene/jHn  as  fuels  have  been  descirbed.1'  Under 
the  current  contract  a  modii ication  of  this  equipment  vas  undertaken  with  the 
objectives  of  improving  fuel-air  mixing  in  the  precombustion  region,  and  of 
facilitating  quantitative  measurements  of  the  radiant  emission  from  flames. 

An  assembly  drawing  of  the  redesigned  combustion  chamber  is  shown 
10  Figure  83.  The  major  change  for  improvement  in  fuel-air  mixing  was  in 
decreasing  the  area  of  the  tangential  slots  by  whicn  air  enters  the  mixer 
(part  22  in  Figure  83 ) .  Decreasing  this  area  by  a  factor  of  two  raises  the 
velocity  of  tangentially  entering  air  to  near  sonic  velocity.  The  remaining 
changes  were  made  to  facilitate  viewing  the  flame  radially  through  the  window 
at  part  15  with  a  radiometer  in  order  to  make  quantitative  measurements  of 
flame  radiation.  The  head  end  flange  (25)  vas  changed  in  order  to  bring  the 
flame  nearer  to  the  viewing  window.  The  combustion  chamber  vas  jaek<- !■*-■>  to 
allow  water  cooling  of  the  metal  walls.  A  target  tube  Vas  installed  opposite 
+*>»  viewing  window  to  provide  a  cold  background  for  viewing  the  flume,  so 
that  radiation  seen  is  that  from  the  flame  gases  only,  with  no  significant 
contribution  from  the  walls.  To  assure  adequate  cooling  of  the  target, 
cooling  vater  for  the  jacket  is  brought  in  directly  behind  this  piece.  Con¬ 
struction  of  redesigned  parts  for  the  combustor  and  assembly  of  these  parts 
into  the  new  configuration  was  completed. 

Prior  to  installation  of  the  radiometer,  preliminary  tests  were 
undertaken  to  determine  what  effects  these  modifications  might,  have  had  on 
the  operability  of  the  combustor.  Two  sets  of  tests  were  carried  out;  one 
with  propane  as  the  fuel,  and  one  with  toluene /jHa  as  fuel;  both  with  a 
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constant  fuel  flcv  of  5  lb/fcr.  The  operable  ranges  found  for  these  two  fuels 
sire  given  in  Table  71  •  The  only  problem  encountered  In  these  tests  was  the 
inability  to  sustain  combustion  of  the  small  pilot-ignition  flame.  However, 
it  was  possible  to  ignite  the  main  flame  with  just  the  spark-ignition  device, 
though  less  smoothly  than  with  the  pilot  flame. 

Table  71.  STABILITY  LIMITS  IN  MODIFIED 
SMALL-SCALE  COMBUSTOR 

Fuel  Flow:  5  lb/hr 

Fuel  Preheat:  4506F 

Air  Preheat:  450°F 

Combustor  Pressure:  1  atm 

_ Equivalence  Ratio 

Fuel  Lean  Limit  Rich  Limit 


Fuel 

Propane 


Toluene/jHs  0.7  1.4a) 

a)  Blowoff  not  yet  observed,  but  flame  bright- 
ness  indicated  richer  mixtures  would  not  be 
of  interest 


The  limits  obtained  for  stability  of  propane  flames  were  somewhat 
narrower  than  with  the  previous  configuration.  Part  of  this  effect  may  be 
due  to  absence  of  the  pilot  flame,  but  it  is  probably  due  primarily  to  cooler 
combustor  walls.  No  significant  narrowing  of  limits  was  observed  with  the 
toluene/3Hj>  fuel.  Even  in  the  new  configuration,  both  fuels  seem  to  have 
sufficiently  broad  stability  limits  on  both  sides  of  stoichiometric  to 
accomodate  our  proposed  test  program. 

No  further  modifications  in  the  construction  of  the  combustor  have 
been  undertaken  to  date.  However,  if  further  experimental  work  is  to  be 
carried  out,  it  is  recommended  that:  l)  the  pilot  flame  holder  be  redesigned 
to  provide  greater  shielding  of  this  flame  from  the  main  air  stream  in  the 
region  of  attachment,  and  2)  that  a  l/4-inch  diameter  stainless  steel  rod, 
placed  di< metrically  in  the  head  end  of  the  combustor  be  tried  as  a  flame 
holder  to  given  broader  stability  limits. 


The  radiometer  acquired  for  use  with  the  combustor  is  r.  Leeds  and 
Noxthrup  "Rayotube",  with  a  short  focal  length  and  sapphire  window  (Model 
8891  -A4&-K601-12-S) .  This  has  been  installed  on  the  subsonic  •-•onnms  so-  tc 
view  the  interior  of  the  combustor  radially  at  the  f  UI1  i.Vp  ntr~~~  window. 

The  instrument  is  essentially  a  thermopile  with  an  optical  system-  for  focusing 
radiation  from  the  small  area  viewed  upon  it.  The  output  from  the  thermopile 
is  dependent  upon  the  radiant  flux  from  the  viewed  area.  With  sapphire 
windows,  the  flux  is  not  seriously  attenuated  at  wave-lengths  shorter  than 
4.5  microns.  The  manufacturers  calibration  for  the  instrument  used  indicates 
an  output  of  24.3  mv  when  viewing  a  blackbody  at  l400°C  (total  flux,  1.4  x  105 
B'cu/hr-ft2} .  In  interpreting  our  measurements,  we  have  assumed  that  the  out¬ 
put  from  the  "Rayotube''  is  proportional  tc  the  radiant  flux  down  to  the  region 
of  outputs  encountered  (at  1.0  mv) .  Thus,  for  each  condition,  a  flux  and 
equivalent  backbody  temperature  are  calculated: 
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(1.4  x  10s)  Btu/hr-ft2 


Tb  -  (3000)4  -  46o°f 


Series  of  tests  were  carried  out  in  the  small-scale  combustor 
(Table  72)  with  both  propane  and  toluene /3H2,  using  the  "Rayotube "  to  monitor 
total  radiation  fluxes  for  propane  of  5000-7000  Btu/hr-ft2  and  6000-8000  for 
toluene/3H2.  The  lowest  fluxes  were  associated  with  the  richest  mixtures  in 
both  cases,  presumably  because  of  the  lower  flame  temperature  and  lower  pro¬ 
duction  of  the  emitting  species,  CO2  and  HaO.  There  was  no  indication  of 
radiation  from  carbon  particles  with  either  fuel. 

Table  72.  RADIATION  MEASUREMENTS  FOR 
SMALL-SCALE  COMBUSTOR 

LR  9669-28 

Fuel  Flow:  5  lb/hr  Pressure:  1  atm 

Fuel  Temp:  600-650°F  Air  Temp:  450°F 


Equivalence 

Rayotube  Output 

£ 

Ratio 

(mv) 

(Btu/hr-ft2) 

(°F) 

Propane  Fuel 


0.86 

1.118 

6500 

930 

0.93 

1.235 

7250 

970 

0.975 

1.185 

6820 

950 

1.27 

0.975 

5720 

888 

1.^5 

0.75 

4320 

800 

Toluene/3H2  Fuel 


o.95a) 

1.18 

6950 

955 

1.03 

1.19 

6950 

955 

1.15 

1.28 

7750 

985 

1.26 

1.09 

6380 

925 

aT  Pure  toluene  fuel. 


Physical  Properties  Program 

Because  of  the  need  for  the  availability  of  the  best  possible 
physical  properties  data  for  endothermic  fuel  systems  wc  have  been  engaged  in 
a&sessing  the  merits  of  various  methods  of  estimation  and.  correlation.  The 
objective  if.  to  mnlco  the  data  available  generally  to  ncople  associated  with 
'.resent  hydrocarbon  scramjet  effort.  The  study  has  involved  r  airily39' 

:■  r.hy  tve ■  proprietary  programs  and  the  AIChE  properties  program  art 
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attempting  to  select  the  best  features  of  all  three.  All  three  are  available 
as  IBM  'joho  computer  programs  -  Output  from  the  programs  vas  cross  compared 
with  each  other  and  with  values  hand  calculated  from  selected  literature  data. 
As  it  turned  out  a  considerable  portion  of  our  difficulties  arose  from  "bugs" 
residing  in  the  AICbE  program  and  one  of  our  own  programs.  These  "bugs" 
have  now  been  exterminated  and  the  program  we  are  now  using  we  believe  to  be 
the  best  currently  available.  Data  will  be  generated,  using  this  system,  for 
a  number  of  the  more  promising  candidate  endothermic  reaction  systems. 

Results  for  the  first  of  these,  methylcyclohexane  -  toluene  -  hydrogen,  are 
presented  in  the  Appendix  covering  temperatures  up  to  l600°F  and  pressures 
to  3000  psia. 

Because  of  its  complexity, and,  in  part,  its  proprietary  nature, a) 
no  attempt  has  been  made  to  provide  a  complete  description  of  the  physical 
properties  program  used  in  this  report.  However,  portions  of  the  program 
are  present  in.  the  AIChE  Physical  Property  Estimation  System,  descript¬ 
ions  of  which. have  been  published  by  the  American  Institute  of  Chemical 
Engineers.*^30'  Moreover,  literature  references  to  the  original  methods  of 
calculating  physical  properties  are  listed  under  a  separate  heading  at  the 
end  of  this  report. 

Mixture  rules  used  were  those  recommended  by  either  the  API 
"Technical  Data  Booh  -  Petroleum  Refining41)  or  by  Reid  and  Sherwood.42' 

The  internal  program  and  the  AIChE  System  now  give  essentially 
identical  results  and  both  have  the  desirable  ability  to  utilize  available 
experimental  data  to  increase  the  accuracy  of  estimated  properties.  For  our 
purposes,  a  disadvantage  of  the  AIChE  System  is  that  it  was  intended  to 
be  used  for  equipment  design  and  therefore  generates  irrelevant  information 
and  requires  excessive  computer  time.  The  internal  program  gives  desired 
properties  only. 

Methylcyclohexane-Toluene -Hydrogen  System 

The  physical  properties  of  MCH,  toluene,  and  hydrogen  are  shown  in 
the  Appendix  in  Table  91  through  Properties  of  pure  liquid  MCH  and 
toluene  are  presented  in  Tables  91  and  92.  Properties  of  gaseous  toluene, 
hydrogen,  and  MCH  are  to  be  found  in  Tables  91.  92,  and  93-  Table  9k 
contains  properties  data  for  the  gaseous  reaction  system: 

MCH  - >  Toluene  +  3H2 

for  0,  25,  50,  75,  and  100  percent  conversion.  However,  the  mixtures  are 
keyed  in  Table  Sk  headings  by  mole  fraction  composition  as  follows: 


aT 

b) 


The  proprietary  program  most  relied  on  was  the  work  of  G.  W.  Lundberg 
and  D.  C.  Whitney  of  our  Physical  Chemistry  Dept. 

An  internal  report  by  a  contributor  to  the  AIChE  program.  (D.  C.  Whitney) 
was  also  used.40) 
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Table  Headings 


(Mole  Fractions  in  Mixture) 

i  MCH  Reacted 

MCH 

Tol 

0 

1.0 

— 

— 

25 

0.429 

0.143 

0.429 

50 

0.2 

0.2 

0.6 

75 

0.077 

0.231 

O.692 

100 

- 

0.25 

0.75 

Corresponding  calculated  weight  fractions  are  also  shown. 

Estimated  maximum  errors  for  the  program  are  shown  in  the  following 
tabulation: 


Percent  Errors  Estimated 
to  be  Less  Than 


Physio al  Property 

For  Pure 
Liquid 

For  Pure 
Real  Gas 

For  Gaseou 
Mixtures 

Density  and/or  Compressibility  Factor 

n 

j. 

5 

5-10 

Thermal  Conductivity 

5 

5 

15 

Heat  Capacity 

5 

2-5 

5 

Enthalpy 

5 

2-5 

5 

Viscosity  at  High  Temperature 

5 

5 

15 

Viscosity  at  Low  Temperature 

10 

5 

15 

Latent  Heat  of  Vaporisation 

3 

Vapor  Pressure 

1 

Surface  Tension 

3 

For  gaseous  mixtures,  the  indicated  maximum  errors  apply  generally 
in  the  pressure  range  to  ca  1500  psia;  above  this  probable  errors  may  be  as 
much  as  double  those  shown.  The  program  does  not  provide  an  automatic  method 
of  including  data  through  the  critical  region.  This  is  of  concern  only  for 
pure  MCH  in  this  case  since  the  low  critical  temperature  of  MCH  (570°F)  mates 
the  possibility  of  reaction  occurring  to  produce  toluene  and  H2  extremely 
remote.  To  obtain  properties  through  the  critical  region  the  appropriate 
liquid  and  vapor  phase  data  should  be  plotted  and  the  values  estimated  by 
interpolation. 

Description  of  Methods  Used  for  Extending  or 
Estimating  Pure  Component  Data 

PV 

1.  Compressibility  Factor,  Z  =  RT,  und  Gas/Density  calculated  by 
the  method  of  Redlich  and  Kvcng,  Ref.  43  and  Ref.  52,  Chapter  7. 

2 .  Liquid  Density,  from 

F  -  A-BT-C/(E-t),  t£  TC-55°F 

with  constants  from  Ref.  4l.  Extrapolated  to  Tc  by  means  of  the  Guggenheim 
relation, 

P/?C  =  1  a(T-TR)1/3  +  b(l-TK),  Ref.  44 
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3.  Pag  Viscosity  (Table  94)  by  the  method  of  VJlke  (low  pressure) 
and  i>ear  and  Stiel  (high  presav^v)',  Ref,  42,  Chapter  9*  «as  Viscosity 
(Tables  92  and  93),  sec  Ref.  20,  p.  528,  When  o  and  fc/X  (the  Leonard  Jones 
Force  constat  a)  are  not  known  tney  are  ea f. (mated  by  the  method  of  St-e3  and 
Thodcw,  Ref.  46.  Exp-  (mentally  derived  constants  are  also  given  in  thin 
re fere not , 

4.  Liquid  Viscosity,  by  extrapolating  from  two  experimental  data 

Vi  th 

log  u  .  A  -  (B/T),  Tp  =  0.7 

Extrapolated  to  Te  by  the  method  of  Ji>:ud,  Stiel  ano  Thodos,  Ret 


4  , . 


5.  Gas  Thermal  Conductivity,  by  the  methods  of  Chung -Broaile  Welte 
(low  pressure)  and  Stlel  and  Thodos  (.high  oressure)  Ref.  42,  Chapter  10; 

Re  \.  4l,  48,  49, 

6.  Liquid  .dermal  Conductivity,  extrapolated  from  a  single  datum 
or  estimated  by  the  method  of  Robbins  and  Xingrea.  Ref.  50. 

7.  Gas  Enthalpy,  calculated  from  the  Redlich-Kwong  equation  of 
state.  Ref.  43  and  51.  Pressure  correction  for  +he  heat  content  is 


HT  -  Hp  «  PV-RT  -  ln(l  •—) 


V' 


8.  Liquid  Enthalpy,  found  by  adding  the  contributions  of  compres¬ 
sion  (to  saturation  pressure )  and  liquefaction  to  the  ideal  gas  heat  content. 
The  Redlioh-Kvong  equation  of  state  was  used  to  estimate  the  effect  of 
compression;  the  Watson  correlation. 


[rtr] 


0,38 


was  used  to  extrapolate  the  heat  of  vsp-  rizaticn  data. 

9-  Gas  Heat  Capacity,  found  by  numerical  differentiation 
(Lagrangian)  of  gas  heat  contents, 

10.  Liquid  Rent  Capacity,  found  by  niuu.-rie&l  <3 1  f  f  »*  rw»  t  i  at  ion  of 

3 iquid  heat  content. 

11.  Freezing  Point  and  Bolling  Point,  Ref.  51,  52. 

17.  Critical  Properties,  Rr-f.  33,  34. 

13.  Acentric  Factor,  calculated  from  vapor  pressure  tables, 

Fs° 

oj  m  —ioc*  _  1  "■  1  -  000 

where  Pe°  ■  vapor  pressure  at  Tr  -  0.700.  Ref.  53,  56. 
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Heat  of  Vapor i -*a t ion  at  ?<•*** ’ 

■tJ4n  - 

.  .* x  r*  t** 

i  y  -sii  ;■  k  lit:  x 

IS  . 

Heat.  •  r  Forms  lion  at  77"?,  ft 

|S  f  . 

51. 

16. 

Heat  of  Combustion  at  77°F. 

Ref. 

51. 

17. 

Free  Energy  of  Formation  at 

77  °g 

pa 

fw 

v.n 

18. 

Fire -has ard  properties,  Ref. 

7‘b 

sw. 

1  atur 

and  Future  Projections 

1.  Information  in  the  literature  continues  to  indicate  areas  in 
which  hydrocarbons  would  have  a  distinct  advantage  as  fuels  for  high  speed 
a  -’craft.  A  paper  by  Ashby  and  Stone  ixiints  out  the  adverse  effect  on  maxi¬ 
mum  l/d  of  increasing  aircraft  voliuae  at  Mach  6.  Indications  are  that  at 
this  speed  the  love 'ing  of  L/D  sax  could  be  reduced  by  about  40$.  While  it 
is  true  that  this  advantage  will  diminish  vith  speed,  it  should  remain  an 
important  factor  over  a  considerable  portion  of  the  speed  range  up  to  Mach  12. 
It  is  anticipated  that  work  by  Marquardt  Corporation  and  United  Aircraft- 
Research  Laboratories  will  serve  to  more  closely  delineate  the  tradeoffs 
thet  can  be  expected. 


2.  Work  by  Marquardt  Corporation  has  shown  the  effect  of  heat  sink 
equivalence  on  the  limiting  Mach  number  obtainable  with  a  scram jet  engine. 

On  this  basis,  significant  ‘benefits  would  accrue  to  increasing  the  presently 
obtainable  heat  sink  available  from  naphthene  dehydrogenation.  This  indicates 
that  increased  attention  should  be  paid  to  the  possibilities  of  dehydrocyclo- 
z an ion  type  reactions.  This  will  be  done  with  tailored  type  molecules  such 
as  bis-2,6-dimethylcy.lohexyl  and  1,4,5, Q-te tr ame thyldec a.l in .  Successful 
dehydrocyciization  of  these  molecules  should  raise  the  reaction  heat  sink  by 
about  50% .  Other  reaction  types  include  dehydrogenation  of  polycyclic 
naphthenes,  butadiene  cracking,  ana.  dehydrogenation  of  methyl amine  to  cyanogen. 


5.  Benefits  in  the  handling  and  storage  properties  of  fuels  are 
possible  by  tailoring  properties  of  the  fuels  by  the  use  of  mixtures.  These 
could  be  very  significant.  Accordingly,  we  have  conoainued  to  study  the 
reactivity  of  binary  mixtures  over  Pt/ AI2O3;  specifically,  in  this  report, 
DCH  with  MDHN,  DHN  and  MCK;  DHN  with  MCH,  and  DCH  with  MCH.  Although  each 
component  affects  the  reactivity  of  the  other  component  no  catastrophic 
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about  maintained.  However,  we  are  concerned  about  the  effect  of  various 
components  on  catalyst  stability  and  we  are  continuing  study  of  this  aspect 
of  the  problem.  It  Is  anticipated  that  considerable  flexibility  will  be 
possible  in  designing  into  the  fuel  and  sort  of  volatility,  viscosity, 
lubricity,  freezing  point,  and  other  properties  which  will  result  in  optimum 
engine  arid  aircraft  design. 


4.  We  have  finally  arrived  at  a  consistent  method  of  calculating 
and  extrapolating  physical  properties  of  the  MCH- toluene /3H2  system  for  vari¬ 
ous  mixtures  over  the  range  from  -200°F  to  16Q0°F  and  pressures  up  to  3000  psi 
(although  uata  around  the  critical  region  may  still  be  uncertain).  The  method 
finally  selected  is  based  on  the  AIChE  program  plus  two  proprietary  programs. 
We  will  now  go  on  to  determine  the  applicability  of  this  program  to  other 
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fuel  system  such  s«  ♦'•he  dec  alia  and  DCH  cysteine .  These  are  considerably 
more  complinat^d,  1 .  yirimipl  than  With  MTJH  t.hp  f»l  4  *»  1  1 


have  a  minimum  of  five  components 


and  the  DC" 


system  a  Hin.mum  of  four. 


Also,  lees  experimental  data  is  available  in  the  literature  which  may 
necessitate  obtaining  some  in  tho  laboratory. 


5.  We  have  re-examined  the  poesibili  v  of  utilizing  propane  aa  a 
fuel  from  two  different  aspects  based  on  the  possibility  of  obtai  ing  high 
conversion  ir.  a  cracking  reaction  to  methane  and  ethene.  Two  different 
approaches  to  a  catalyst  for  this  reaction  are  being  examined.  One  involves 
the  introduction  of  a  highly  dispersed  or  vaporized  strongly  acid  catalyst 
such  as  an  acid  treated  zeolite.  The  othe  ’  involves  he  possibility  of 
generating  free  radicals  to  act  as  catalysts  for  the  cracking.  High  conver¬ 
sion  in  this  reaction  would  give  about  the  same  total  heat  sink  as  would  the 
M.1H  dehydrogenation  but  would  have  the  advantage,  if  successful,  of  utilizing 
a  low  pressure  drop  throwaway'  type  cataly  it.  So  far,  however.  It  has  not 
been  possible  to  develop  a  suitable  catalyst. 

6.  number  of  additional  convent!  nal  type  dehyi  ngenatien  type 
catalysts  have  been  made  in  which  a  catalytic  metal  is  placed  on  a  suitable 
support  and  utilized  as  a  bed.  Variations  in  both  the  catalytic  metal  and 
the  nature  of  the  support  ha  e  been  investigated.  Although  several  catalysts 
which  are  more  active  than  our  standard  laboratory  catalysts  have  resulted, 
nothing  in  the  nature  of  a  "breakthrough"  has  been  achieved.  So  far  rela¬ 
tively  limited  excursions  from  the  presently  active  combination  of  platinum 
on  alumina  have  been  nade.  Work  in  the  future  in  this  area  contemplate  J 
increasing  the  number  of  metallic  components  and  al3o  studying  the  incorpor¬ 
ation  of  a  wider  variety  of  secondary  elements  in  the  support. 


7.  A  desirable  objective  in  the  development  of  new  catalysts  is 
■to  liiodify  the  geometric  arrangement  of  the  catalyst  in  the  bed  to  reduce 
pressure  drop.  In  trying  to  achieve  this  objective  we  have  been  looking  at 
the  possibility  of  placing  a  catalyst  on  an  open  structure  which  will  present 
less  resistence  to  the  flow  of  fluids.  Such  shapes  are  semicommercially 
available.  However,  depositing  platinum  on  the  surface,  does  not  produce 
an  active  catalyst,  probably  because  the  low  surface  area  of  the  shape. 
Attempts  to  increase  the  surface  area  by  initially  depositing  a  finely’’ 
divided  alumina  (Baymal)  has  been  tried  and  a  reasonable  level  activity 
observed.  Other  possibilities  of  this  general  nature  will  be  pursued  in  the 
future.  Another  method  of  reducing  the  pressure  droo  we  are  following  is  to 
utilize  a  disperse  phase  catalyst  wnich  will  be  carried  along  with  the  fuel 
through  the  reaction  system  into  the  engine.  The  most  desirable  type  of 
catalysts  .have  extremely  high  activity  initially  which  rapidly  drop  off  to 
the  more  usual  level  of  catalysis.  This  type  of  catalyst  we  are  studying 
in  bed  form  but  with  primary  interest  in  the  very  early  stages  of  reaction. 

In  appl  ication  the  catalyst  would  be  introduced  in  fuel  in  the  form  of  an 
extremely  finely  divided  powder.  Another  method  of  introduction  would 
involve  incorporating  a  solid  soluble  metallic  organic  compound  into,  the 
fuel  and  having  it  vaporize  and  proceed  through  the  reaction  zone  unchanged 
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bility  is  being  investigated  by  heating  MSH  in  an  autoclave  with  various 
metal  composites  and  observing  if  refction  occurs.  Some  indicates  of  reac¬ 
tive  catalytic  materials  have  been  found,  although  conversions  have  not  been 
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large.  Hie  most  j-o active  material  gave  a>  mt  list  oorsv  r-  ion ,  This  t-pproacli 
will  it*  explored  i''U’ther, 

8.  Modifications  on  the  power  input  and  temperature  measurements 
on  the  PSSTK  hav  been  installed.  These  have  improved  the  control  and  oper¬ 
ating  flexibllix,  of  the  equipment  as  well  as  improving  the  pro  isior  of  the 
dais  obtained ,  Studies  on  the  thermal  reaction  cf  propane  has  been  f.  rm  i o+ed 
covering  the  range  of  space  velocities  yn  to  kOO,  iems>crn  tores  to.  iliOO  an! 
r  -usurps  to  900  pel.  Results  establish.-!  t.nat  the  hlg'  st,  temper  ture  that, 
can  be  tolerated  in  the  reactor  tube  is  about  lhQ0°F  under  outfit ions  that 
we  have  investigated  to  date  and  that  the  maximum  reaction  neat  sink  that  can 
be  i.  :h  eved  in  thermal  orae  ing  is  about  $00  Btu/lb.  Further  work  was  den 
with  propane  using  a  ohrome/alumina  catalyst  for  dehydrogenation  to  propylene 
and  hydrogen.  This  gave  us  an  opportunity  to  investigate  the  effect  of  a 
different  catalyst  configuration  on  this  reaction.  Results  were  comparable 
to  those  obtained  in  the  laboratory  reactors;  it  was  possible  to  achieve 
equipibrium  conversion  but  activity  decreased  rapidly  due  to  coke  formation. 

If  laboratory  studies  succeed  in  de  loping  a  satisfactory  catalyst  experi¬ 
ments  utilising  a  catalytic  crackin,.  catalyst  in  this  equipment  will  be  done 
in  an  attempt  to  bring  about  the  conversion  of  propane  to  methane  and  ethane. 
Tile  next  fuel  to  be  tested  in  the  FSSTR  will  probably  be  deealin  with  the 
HOP  R-8  catalyst. 

9-  One  of  the  major  objectives  of  the  present  contract  has  been 
to  develop  a  satisfactory  mathematical  model  for  the  reaction  system  in 
order  to  allow  engine  manufacturers  and  aircraft  companies  to  utilize  it  in 
mating  the  reaction  system  to  the  heat  sink  requirements  of  a  ramjet  combus¬ 
tion  chamber.  The  model  under  development  during  the  last  contract  has  now 
been  brought  to  a  more  satisfactory  state  of  development .  It-  has  been 
rewritten  in  a  form  less  demanding  in  both  machine  and  human  time .  With  the 
program,  we  have  not  only  been  able  to  simulate  the  reactions  taking  place 
in  the  FSSTR  in  the  MCH-Pt/Al^Oa  system,  but  we  have  also  been  able  to  simu¬ 
late  operation  under  various  conditions  that  we  have  not  been  able  to  ach'eve, 
as  yet,  experimen tally.  Thus  we  have  been  able  to  calculate  the  effect  of 
very  much  higher  flow  rates,  higher  heat  fluxes  in  terms  of  the  temperature 
profile  and  pressure  drop,  to  vary  the  bed  length  and  to  study  the  advantages 
and  disadvantages  of  mol tiple  adiabatic  reaction  sections.  Though  the  pro¬ 
gram  is  giving  some  interesting  insights  in  possible  areas  of  experimentation, 
U>e  h«*ai.  fluxes  are  very  much  beyond  those  that  we  were  able  to  investigate 
up  to  the  middle  of  -the  year.  Accordingly,  we  fabricated  a  short  (2  foot) 
test  section  which  v as  substituted  for  the  third  section  of  the  FSSTR,  allow¬ 
ing  ue  to  study  heat  fluxes  approaching  half  a  mirlion  Dtu/hr/sq  ft  of  tube 
surface.  In  the  first  series  of  runs  with  this  section  satisfactory  operation 
was  achieved  at  heat  fluxes  up  to  300,000  Btu/hr/sq  ft.  However,  as  the  flux 
increased  the  model  results  departed  increasingly  from  experiment,  in  the 
direction  of  lower  conversion.  Reasons  for  this  will  be  sought.  Another 
modification  of  the  model  was  accomplished  to  have  it  represent  the  case  in 
which  heat  is  being  delivered  to  the  reactor  from  only  one  side  \  ^rab 
geometry)  a  situation  most  rot  to  prevail  in  an  actual  use  situation.  This 
has  yielded  interesting  results;  however,  it  will  be  necessary  to  confirm 
them  by  experimental  values.  A  possible  convenient  experimental  setup  has 
been  devised  and  will  be  assembled  and  utilized  in  the  next  period. 
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10.  One  of  the  variables  affecting  the  reaction  of  hydrocarbons  to 
high  ‘ otnp' j  ature  conditions  is  the  amount  of  dissolved  oxygen  In  the  fuel  a1 
the  tint,  it  is  exposed  to  thi  thermal  stress.  However,  the  degree  to  which 
deoxygenatien  is  beneficial  appears  to  be  an  attribute  of  the  particular  fuel 
involved.  Witt  pure  DHN  little  benefit  is  obtained,  according  to  Si)  Coker 
recycle  results,  by  reducing  the  0g  content  below  about  8  ppm,  whereas  with 
MOH  ben  -fits  accrue  down  to  at  least  1  ppm  whilst,  with  a  mixed  highly  naph- 
tehnic  Jet  fuel  ontaining  a  broad  mixture  of  components  much  lower  and  as 
yet  incompletely  defined  limits  appears  to  be  operative.  Whether  this  is  a 
function  of  the  types  of  compoimds  present  or  whether  it.  is  an  attribute  of 

t  ,e  components  mix  will  have  to  be  determined  in  subsequent  work.  In  the 
meantime  we  have  completed  n  more  comprehensive  unit  for  determining  thermal 
stability  of  fuels  as  well  as  catalytic  activity  and  the  thermal  stability 
of  reaction  products.  This  is  the  CAFSTR,  which  has  performed  well  at 
temperatures  up  to  ]  200 °F  at  1CO0  psi.  However ..  with  the  material  used  In 
the  rod  heaters  (Inconel),  which  provide  the  heat  exchange  surface,  it  is 
virtually  impossible  to  rate  the  tubes  by  appearance  as  is  done  with  cokers. 
Accordingly  we  are  investigating  the  possibility  of  assessing  the  conditions 
of  the  tubes  by  determining  the  change  in  heat  transfer  characteristics 
oalorimetrieally,  which  of  course,  will  yiel.'  e  much  more  meaningful 
attribute. 

11.  We  established,  in  an  earlier  contract,  by  analysis  and  by 
visual  and  phonographic  means,  that  the  (simulated)  products  of  endothermic 
reactions  could  be  burned  successfully  in  a  small-scale  subsonic  burner  if 
the  hot  products  were  Initially  mixed  with  air  prior  to  being  ignited. 

In  order  to  establish  this  more  firmly  we  obtained  a  radiometer  to  view  the 
radiation  more  critically.  The  virtual  equivalence  of  the  radiation  from 
propane  and  toluene  under  a  variety  of  conditions  we  feel  confirms  this 
without  fear  of  successful  contradiction.  It  appears  unnecessary  to  do 
additional  work  in  this  area  except  with  fuels  of  higher  molecular  weight, 
unusual  structure  or  following  thermal  cracking. 

12.  Our  contribution  to  determining  the  supersonic  combustion 
properties  of  our  candidate  fuels  and  their  reaction  products  has  been 
limited  to  determining  ignition  delay  times  in  our  single  diaphragm  shock 
tube.  The  results  obtained  have  established  that  the  ignition  delay  tiroes 
obser/ed  with  most  hydrocarbons  of  carbon  numbers  above  2  are  relatively 
indifferent  to  molecular  weight,  structure  or  to  the  presence  of  substantial 
amounts  of  Hp.  This  evidently  stems  from  the  fact  that  the*  primary  step  in 
the  oxidation  involves  the  removal  of  a  proton  by  02  to  form  an  O2H  or  OH 
radical.  The  ignition  delay  then  should  be  related  to  the  weakest  C-H  bond 
which  is  ordinarily  a  tertiary  or  secondary  one.  This  is  borne  out  by  the 
sluggishness  of  methane  and  to  a  somewha ;  lesser  degree,  ethane  and  ethylene. 
However,  rather  surprisingly,  two  other  hydrocarbons,  lacking  secondary  or 
tertiary  hydrogen  atoms,  tetraroethyl  butane,  and  neopentane,  had  IDT's  close 
to  those  shown  by  the  majority  of  hydrocarbons.  Not  a  great  deal  of  addi¬ 
tional  work  will  be  done  with  the  shock  tube  as  far  as  determining  IDT*s 

are  concerned.  Some  work  will  be  done  *..ltn  high  density  fuels  such  as 
■Shelldyne  which  arc  of  rather  unusual  structure.  Another  possibility  not 
yet  fully  explored,  would  involve  getting  estimates  of  the  rates  of  combus¬ 
tion  from  the  rate  of  increase  of  the  coi  lentration  of  combustion  products. 
Another  area  which  has  not  been  explored  involves  the  use  of  additives  to 


245 


AI'APL-TR -67-114 
Part  I 

reduce  IDT's  but  whether  this  con' i  lead  to  a  practical  application  would 
nave  to  be  established  before  underlaid r£  an  investigation  of  this  kind. 

15.  A  bibliography  of  references  of  interest  is  included  in  the 
Appendix  of  this  report.  The  present.  Hating  attempts  to  include  all 
references  published  since  the  compilation  of  our  previous  literature 
survey®0'  or  which  vere  overlooked  at  that  time, 

14.  A  "Fuels  Evaluation  Table"  ia  the  form  of  a  summary  table  u 
the  tench  scale  evaluation  work  done  on  various  candidate  fu-  Is  is  include 
This  is  an  extension  of  a  table  previously  published  (Table  86,  TDK  -64 -100, 
Part  III,  p.  2SS)  and  may  be  of  interest  in  making  n  quick  comparison  of  the 
reactivity  and  properties  of  different  compounds.  However,  it  does  not 
include  FSSTR  data  and  should  not  be  used  in  making  definitive  application 
evaluations . 
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Calculation  of  Contact  Time 


In  our  reports  ve  have  usually  used  either  LHSV  or  the  mass  flow 
rate  (G)  to  designate  the  feed  rate.  In  order  to  facilitate  an  appreciation 
of  the  residence  time  in  the  reaction  zone,  we  have  expressed  the  relation¬ 
ship  between  these  values  and  contact  time  under  a  variety  of  conditions. 


Figures  84(a)  through  (e)  give  the  relation  between  contact  time 
and  temperature  for  mass  flow  (G)  of  lb/hr/sq  ft,  length  (L)  of  1  foot  and 
void  fraction  (e)  of  1  at  0,  25,  50,  75  and  100$  conversion.  In  order  to 
relate  G  and  LHSV  the  length  of  the  tube  must  be  given.  For  example,  for 
MJH  in  a  2-foot  tube  at  a  LHSV  of  1600,  with  L  =  2  feet,  the  contact  time 
with  R-8  catalyst  (e  =  0.5^)  the  nominal  contact  time  (©)  at  50$  conversion, 
1000 °F,  800  psi  would  be 


©  =  t  and 


G  ■  LHSV  (96) 


=  7.2  x  103 


(2  x  0.5*0 
96  x  i6ob 


=  0.05  sec. 


This  is  only  a  nominal  value  since  it  assumes  that  the  X  J.U'  r7  mixture  con¬ 
sists  of  a  50$  converted  MHH  feed  (i.e.,  20$m  M3H,  20$m  toluene  and  60$m  Hp). 
Since  the  conversion  actually  increases  from  zero  to  50$  as  the  M3H  proceeds 
through  the  tube,  a  point-to-point  calculation  would  be  necessary  to  obtain 
the  true  average  contact  time  (this  is  an  average  contact  time  since  some 
molecules  will  spend  more  time  in  pores  than  others). 


Another  example  would  be  useful:  M3H,  P  =  600,  e  =  O.54,  LHSV  * 
100,  T  =  900°F,  100$  conversion  in  a  10-ft  tube. 


S  «  3.6  x  103 


(10  x  0.54) 
"TBo  x  100 


=  O.Ul  sec 


Pulse  Reactor 


In  a  dispersed  phase  catalyst  system  the  catalyst  will  be  in  contact  with  the 
reactants  for  about  one  second  or  less.  Thus  in  this  system  the  initial 
reactions  that  occur  when  the  reactants  first  contact  the  catalyst  surface 
will  be  more  important  in  determining  the  product  material  composition  than 
will  the  reactions  that  occur  under  steady-state  conditions.  One  way  of 
studying  these  initial  reactions  is  by  means  of  the  pulse  reactor  technique. 
In  such  a  system  an  inert  carrier  gas  (e.g.,  helium)  flows  through  the 
reactor  continuously.  At  the  desired  time  a  small  amount  of  feed  is  injected 
into  the  currier  gas  stream  and  subsequently  passes  over  the  catalyst  as  a 
"pulse'1.  The  products,  or  a  slip-streem  sample  thereof,  are  led  directly 
into  a  GLC  for  analysis.  This  affords  a  rapid  method  of  studying  initial 
ceu.c-  r>r.r  v-rher  e  variety  of  conditions.  Other  advantages  of  using  a  pulse 
uo  ar$  that  studies  can 
mall  mounts  of  feed, 

.’.able.  From  the  above  considerations  it  appeared  desirable  to 


ecu*  uc  maoe:  (a)  at  very  high  space 

and  (b)  also  where  only  a  small  amount 


Contact  Time  (t),  sec 
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105 

8  *  Nomina!  Contact  Time  t  (L<-/G) 

t  33  Contact  Time,  secj  When  G  -  1 .  L  ~  1,  e.=  1 
L  *  Reactor  Length,  ft. 

G  a  Mast  Velocity,  lb/(hr){ftJ) 

~  Void  Fraction 

S  For  MCH 

!  ,  In  2  ft.  Long  Tube:  G  =  LH5V  (96) 

i  In  10  ft.  Long  Tube:  G  =  LHSV  (480) 


10? 


600 


800 


1400 


160 


1000  1200 
Temperature,  °F 

Fiav:c  84b.  CONTACT  TIME  FOR  MCH  DEHYDROGENATION 


75%  CONVERSION 


Contact  Time  (t),  sec 


B  t~  Nominal  ContactTime  at  (Le  /G) 

t  “jContact  Time#  secj  When  0*1,1 
L  «'  Reactor  Length,  ft. 

G  x  Mats  Velocity,  ib/(hr)(ft2) 

«  =  Void  Fraction 

For  MCH  ■  ■  T 

in  i  ft.  Lc.ig  Tube:  G  =  LHSV  (96) 

In  10  ft.  Long  Tube:  G  =  LHSV  (480) 


Temperature,  °F 

£u  re  84c=  CONTACT  TIME  FOR  MCH  DE  H  YD  R  OGENATI  ( 

50%  CON  VER  S IO TT~ 


Contact  Time  ( t ),  see 


1 700 


B  -  Nomine* I  Contact  T ime  -  t  (L  t/G) 

t  -  Cam  act  Time,,  si  When  G  *■  I,  L  »  I,  s  «  ] 

L  ■’  Reactor  Length,  ft. 

Cl  =  u3>.  Velocity,  !b/'hr)(ft2} 

.  -  \/ „ t j  e _ it.. 

V  i  wim  *  i  ov  I  IVII 

For  MCH 

In  2  It.  Long  Tube:  G  -  i.H$V  (96) 

In  10  ft.  Long  Tube:  G  =  LHSV  (48C,' 

102 

600  800  1000  1200  1400  ’600 

Ternperatu-e.  f 

Figure  84d.  CONTACT  TIME  FOR  MCH  DEHYDROGENATION: 
25 %  CONVERSION 
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Contact  Time  (t). 


6  J  Nominal  Contact  Time  -  t  (Le/G) 

f  ~  Contact  Time,  sec;  When  G  *  1,  L  =  1,  t  =  1 
L  =  Reactor  Length,  ft. 

G  -  Mass  Velocity,  ib/(hr)(ft*) 
t  “  Void  Fraction 

For  MC  H 

in  7  ft.  t- { *jbe :  L-  ~  j, w 5 V 

In  10  ft.  Long  Tube:  G  -  LHSV  (480) 


to2 

600  80U  1000  1200  1400  1600 

Temperature,  0F 

Figure  S4e.  CONTACT  TIME  FOR  MC H  DEHYDROGENATION: 

0°',  CONVERSION 
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incorporate  the  pulse  reactor  ieclmique  into  our  catalytic  prcgrsr 
though  with  such  a  system  the  data  is  not  necessarily  obtained  unr 
state  conditions .  Accordingly'  one  section  of  our  laboratory  dual 
system  was  modified  in  the  following  manner  so  that  it  could  also 
a  pulse  reactor  system. 


reactor 
be  used  as 


In  our  laboratory  reactor  system  the  furnace  is  26  in.  overall 
length  and  contains  four  heating  elements  of  lengths  4%  8",  8",  4"  located 
from  top  to  bottom  in  that  order.  The  outer  shell  of  the  furnace  extends 
one  inch  beyond  the  top  ana  bottom  of  the  heating  elements.  The  furnace 
consists  of  two  hinged  halves  and  opens  lengthwise.  Each  half  contains  a 
heavy  Meehanite  liner  with  a  groove  down  the  center  to  hold  the  reactor  tube. 
When  closed  the  grooves  form  an  opening  7/8  inch  in  diameter. 


To  modify  the  apparatus  for  use  as  a  pulse  reactor,  a  secondary 
furnace  liner  was  fabricated  from  a  7/8-inch  stainless  steel  rod  (No.  4l6), 

13  inches  long.  A  0.257-in.  diameter  hole  was  drilled  down  the  center  to 
accommodate  a  l/4-in.  OD  reactor  tube.  Seven  holes  were  drilled  radially 
from  the  outside  to  the  center  hole  in  which  thermocouples  were  cemented. 

The  thermocouples  were  l-l/2  inches  apart  and  the  top  couple  was  l-l/2  inches 
from  the  top  of  the  liner.  The  thermocouples  were  situated  so  that  the^  just 
touched  the  reactor  wall.  This  secondary  liner  was  placed  in  the  Meehanite 
liners  at  the  very  bottom  of  the  furnace  and  extended  one  inch  below  the 
bottom  heating  element.  Figure  85  shows  the  construction  of  the  secondary 
liner  and  its  position  in  the  furnace. 

The  reactor  was  a  l/4-in.  OD  stainless  steel  tube  (No.  ^Ok)  with 
0.028-in.  wall.  An  l/8-in.  OD  thermowell  can  be  fitted  into  the  reactor  at 
the  bottom.  Feed  is  injected  into  the  carrier  gas  stream  with  a  syringe  pump. 
A  sU^j+roam  sample  0f  +he  r;-pv  ---  2.3d  to  the  GLC  via  a  heated  lead. 

The  pulse  reactor  system  utilizes  the  same  temperature  and  pressure  controls 
and  measuring  devices  as  are  used  for  the  standard  reactor  tube.  Thus  the 
standard  laboratory  reactor  can  be  converted  to  the  pulse  reactor  by  merely 
installing  the  secondary  liner  complete  with  thermocouples  and  reactor  tube 
into  the  furnace,  and  connecting  the  syringe  pump  and  the  heated  lead  to  the 
GLC,  Figure  86  shows  a  schematic  diagram  of  the  pulse  reactor  system. 

It  should  be  noted  that  if  desired  this  apparatus  can  be  used  as  a 
small  dimension  continuous  flow  reactor  and  was  actually  used  as  such  to 
study  propane  cracking. 


Micro  Catalyst  Test  Reactor 

The  micro  catalyst  test  reactor  (MICTR)  was  completed  and  the  first 
test  x-un  made  with  the  reference  catalyst  Pt/UOF  11-8  AI2O3)  at  the  end  of 
October  1966.  Since  that  time,  262  runs  have  beer,  made  with  the  MICTR.  The 
design  of  the  MICTR  is  shown  in  Figure  87.  Figure  88  shows  the  layout  of 
the  overall  apparatus  and  Flgure~~o9  shows  details  of  the  furnace  block 
and  reactor  tube  construction.  The  feed  line  pressure  gauge  was  eliminated 
to  reduce  feed  holdup  and  a  check  valve  was  installed  in  the  feed  line  to 
prevent  "blow-back" . 


erasure , 


b  MCI! 


hr vo  been  carried  out  at  662,  752,  and  842 °F  block 
usually  at  LHGV  ICO,  and  10  atm  pressure.  Hydrogen 
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formed  during  the  reaction  is  sufficient  to  maintain  the  pressure;  no  aaci- 
^"tional  hydrogen  is  added.  Samples  at  each  temperature  are  bled  at  3,  8,  and 
13  minute  intervals  into  an  Aerograph  GLC  unit,  and  the  conversion  of  M3H  to 
toluene  determined  from  the  ratio  of  tne  respective  peak  areas.  It  is 
necessary  to  recharge  the  piston  pump  after  testing  at  each  temperature. 
Catalysts  (10-20  mesh  granules)  are  diluted  with  10-20  mesh  quartz  granules 
(0.9  mlrl.l  ml)  b' .ore  charging  giving  a  bed  length  of  h-l/b  in.  in  the  lover 
end  of  the  l/U-in.  diameter  thin  walled  stainless  steel  reactor  tube.  Cata¬ 
lysts  are  reduced  20  minutes  at  797 °F  in  hydrogen  at  1  atm  pressure  befor-c 
testing.  Space  velocity  has  been  varied  by  changing  catalyst  volume,  using 
a  constant  pump  rate  for  MCH. 

Temperatures  have  been  measured  at  the  outer  skin  of  the  reactor 
tube,  1  in.  below  the  top  and  1  in.  below  the  bottom  of  the  catalyst  zone. 

An  additional  measurement  is  made  in  a  thermowell  at  the  very  end  of  the 
catalyst  bed.  Up  to  run  lUO  the  thermocouples  were  brought  dcvr.  parallel  to 
the  reactor  tube  via  a  closely  adjacent  slot  in  the  block  with  the  impinging 
head  held  in  place  with  Sauereisen  cement.  This  proved  mechanically  unsatis¬ 
factory,  however,  and  the  couples  were  then  tx-ought  in  via  a  slot  near  tne 
edge  of  the  block  and  then  by  a  right  angle  cut  to  the  correct  position;  the 
couple  beads  were  cemented  so  as  to  touch  the  reactor  tube  (cf  Figure  P? ! . 
Temperature  drops  of  30-U0°F  are  observed  with  very  active  catalysts  at  >?U2°F 
block  temperature. 


The  MICTR  was  operated  in  the  catalyst  preparation  laboratory  up  t: 
run  96  and  then  von  moved  to  another  location.  Shortly  after  this,  difficulty 
with  the  reproducibility  of  the  activity  of  the  reference  catalyst  \9"7!l-F!* 
was  experienced.  During  about  a  month's  period  various  possible  refinements 
of  procedure  were  made  to  obtain  greater  reproducibility.  During  this  period 
11  test  runs  were  made  and  the  following  overall  probable  errors  for  the  8 
and  13  minute  samples  results  were  calculated  which  are  of  consequence  only 
when  comparing  candidate  catalysts  of  high  activity  ■with  the  reference 
catalyst:  662 ®F,  29  t  conversion;  7p2°F,  52  t  Jf:  conversion;  and  rfa2cF, 

72  ±  7$  conversion.  Periodic  checks  for  temperature  calibration  for  both 
control  and  recording  instruments  have  been  found  necessary.  This  was  done 
after  runs  105  and  220  which  changed  the  base  data  for  the  reference  catalyst 
Values  close  to  the  above  mean  values  are  usually  obtained  if  the  flew  :f 
hydrogen  gas  used  for  catalyst,  -reduction  is  not  cut  off  until  the  pump  is 
started  (and  a  temperature  drop  observed),  and  the  gas  flow  restarted  just 
before  the  pump  is  stopped,  during  each  test  period.  It  seems  best  to  retesi 
the  reference  catalyst  once  a  week  for  best  data  alignment  with  catalysis 
evaluated  during  this  time  interval. 


rence  catalyst-, 


All  the  results  obtained  at 
Tables  73_  and  those  at  LHSV  200  in  Tab: 
left  out  where  mechanical  or  instrument" 
of  the  data  obtc  Ined  were  in  doubt .  I: 
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Table  75.  MCH  DEHYDROGENATION  WITH  VARIOUS  CATALYSTS 
IN  MICTR  (LHSV  -  100)' 

Period:  December  1966  to  February  1967 

Conditions:  10  atm  pressure.  Catalysts  reduced  in  Ha  for  20  min 
at  79^°F.  GLC  samples  normally  taken  at  8-  and  13-min  opera¬ 
tion  at  each  block  temperature.  Catalyst  volume:  0.9  ml. 
Catalyst  diluted  with  1.1  ml  quartz  chips. 


Run 

No. 

Catalyst  Description 

£  NCH  Conversion 

6S2*F 

752*F 

842*F 

3 

24 

if  Pt/R-8  Al jOj 

m9 

28, 

25 

48, 

43, 

46 

72, 

68,  60 

(Reference) 

48, 

a)  39, ») 

- 

19 

24 

1  f  Pt/R-8  A!  jOj 

23, 

18, 

18 

"I 

49, 

47 

60, 

57,  58 

(Reference) 

mt 

47, 

52 

6 

90 

ti  Pt/R-8  AljOa 

31, 

28, 

28 

57, 

51, 

47 

60, 

65,  63 

(Reference) 

7 

180 

2*  Pt/R-8  Al  jOj 

27, 

26, 

34 

54, 

48, 

46 

70, 

64,  64 

4 

418 

Expt'l.  If  eetal 

2, 

1, 

- 

23, 

1, 

05 

5, 

1,  - 

5 

4IC 

Expt'l.  27  eetal 

59, 

23, 

1 

15, 

2,  0 

8 

198 

Expt'l.  If  oetal 

17, 

9, 

9 

20, 

18, 

12 

37, 

29,  22 

9 

398 

Expt'l,  17  oetal 

20, 

1, 

3 

34, 

10, 

1 

4, 

i, 

10 

56A 

Expt'l,  If  eetal 

1, 

o, 

- 

0, 

"# 

- 

o, 

0,  - 

II 

33 

Bleetal 1 Ic,  1  end  37 

20, 

1, 

1 

2, 

o, 

- 

1, 

0,  - 

12 

220 

Expt'l,  57  eetal 

o, 

0, 

o, 

0, 

- 

o, 

-,  (9327) 

13 

57A 

Expt'l.  If  aetal 

0, 

0, 

- 

o, 

0, 

- 

0, 

0,  (9327) 

14 

658 

BioetaMIc,  1  and  In 

28, 

26, 

27 

03) 

42, 

45 

*1 

IS 

65A 

Blaetallic,  0.5  and  0.57 

“» 

27, 

22 

50, 

46, 

45 

79, 

7 7.  67 

16 

23 

Expt'l.  17  eetal 

8, 

6, 

- 

9, 

8, 

• 

39, 

13,  II 

I? 

638 

Blaetallic,  if  and  if 

20, 

IS. 

17 

31, 

30, 

16 

37, 

7,  2 

18 

63A 

Biaetallic,  0.57  and  0.5f 

20, 

16, 

13 

33, 

28, 

24 

10, 

3,  1 

20 

678 

Bleetal 1 ic,  1-  and  If 

19, 

20, 

!9 

43, 

37 

73, 

53,  50 

2! 

94a 

Expt'l,  27  aetal 

22, 

17, 

17 

49, 

27, 

27 

30, 

25,  30 

_ I _ 1 _ ' _ L _ _ 

a)  After  8427  run.  (Continued) 
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Table  75  (Contd-l).  MCH  DEHYDROGENATION  WITH  VARIOUS 
CATALYSTS  IN  MICTR  ILHSV  =  lOOT 

Period:  December  1966  to  February  1967 

Conditions:  10  atm  pressure.  Catalysts  reduced  in  H2  for  20  min 
at  796 °F.  GLC  samples  normally  taken  at  3-,  S-  and  13-min  oper¬ 
ation  at  each  block  temperature.  Catalyst  volume:  0.9  ml. 
Catalyst  diluted  with  1.1  ml  quartz  chips. 


f  MCH  Con vers 

ion 

Catalyst 
Ho.  9874- 

Catalyst  Description 

Ko. 

662 *F 

752*F 

842*F 

Avg 

24(r«0 

151  Pt/H-8  Al20a 

28  i  4 

52  i  3 

72  i  7 

22 

948 

<*f  metal/support  #2 

20,  14 

43,  39,  40 

58,  57,  56 

Si 

72 

2f  metal/support  type  #1 

24,  25,  - 

54,  50,  48 

71,  64,  6} 

24 

73 

2+  met«l/«upport  type  #1 

?5,  23,  22 

50,  49,  48 

80,  77,  - 

25 

71 

2f  metal/support  typo  #1 

->2,  18,  20 

43,  45,  39 

68,  72,  63 

26 

67* 

Bimetallic;  0.5,  0.5f  type  #1 

10,  1},  14 

55,  31,  28 

45,  37,  36 

27 

66b 

Bimetallic:  1,  If,  type  £1 

22,  18,  18 

37,  33,  33 

50,  32,  <1 

28 

58b 

2f  metal,8'  support  type  #1 

27,  26 

47,  44,  42 

75,  62,  66 

29 

95A 

Bimetallic;  1,  if,  type  #1 

27,  27 

64,  56,  54 

79,  80,  79 

30 

95B 

Bimetallic,  0.5,  0.5*,  type  #1 

57,  41,  57 

52,  51,  ,l9 

74,  72,  73 

31 

96 

2*  metal,  type  #1 

29,  30 

60,  57,  57 

81,  74,  75 

32 

65B 

Bimetallic,  1,  if  type  #1 

24,  28,  26 

51,  54,  47 

74,  69,  71 

33 

97 

Bimetallic,  0.5,  0.5* 

23,  24,  18 

47,  4?,  42 

79,  50,  56 

3* 

96 

Bimetallic,  0.5,  0.5*,  type  #1 

20,  22,  ro 

46,  45,  42 

72,  62,  58 

35 

99 

2f  metal,  support  #3 

10,  0.7 

0.5,  -,  - 

36 

103 

2f  metal,  support  #8 

- 

0,  0 

0,  0 

37 

105 

2j  metal,  support  #8 

• 

0,  0 

0,  0 

3B 

58A 

if  metal,  support  #1 

29,  22,  30 

47,  50,  45 

6l,  6-4.  68 
#5, (79),65 

59 

95A 

Bimetallic,  lft,  1*  support  type  #1 

55,  32,  28 

57,  35,  54 

41 

42 

101 

102 

12f  metal,  support  type  #1 

Ilf  metal  (sulfided),  support  type  #1 

0,  0,  0 

15,  18,  16 

0, 0 , 0 

15,  8,  10 

•*3 

107 

2*  metal,  support  type  #1 

33,  32,  32 

60,  65,  65 

87,  63,-79 

44 

*»5 

108a 

Shell  405 

2f  metal,  support  type  #1 

Classified 

37,  30,  31 
36,  42,  58 

91,%  a?,  ez 

8$)  B0°'80b' 

46 

no 

lOf  metal,  support  tvr* 

5,  4,  5 

5,  3,  1 

47 

113 

Bimetallic  1,  lOf,  support  type  #1 

26,  25,  - 

56,  55,  51 

76.  75,  75 

(76), 68,  65 

48 

112 

2f  metal, support  t -pe  #1 

51,  29,  31 

50,  49,  48 

49 

ni 

1%  metal,  type  #7 

33,  36,  30 

55,  56,  55 

82,  75,  72 

56 

116 

2f  metal,  type  #1 

0,  0,  0 

0,  0,  1 

7^',fc>r2,fc)75b, 

58 

Shell  405 

Type  classified 

31,  31,  54 

61,  59,  57 

59 

11TB 

0f  metal,  support  type  #1 

31,  30,  30 

6*,  6'j,  80 

91,  89,  87  - 

67 

1118b 

2f  metal,  support  type  #1,  puriC  dried  (ll8#) 

28,  35,  35 

57,  53,  50 

71,  71,  70 

70 

U8a 

2f  metal,  support  type  #1,  purif.  dried  (500*) 

-,  35,  3** 

62,  62,  59 

76,  87,  ee 

71 

120 

Bimetallic,  2,  Ilf,  support  type  #1 

29,  25 

45,  51 

77,  78,  74 

72 

117A 

4f  metal,  support  type  #1 

35,  53,  35 

59,  59,  60 

90,  93,  69 

74 

124 

lOf  metal,  support  type  #1 

11,  11 

19,  15,  12 

lfi,  -3,  1 

75 

125 

lOf  metal,  support  type  #1 

21,  21,  ?7 

57,  57,  59 

84,  ei,  81 

77 

21C 

2f  metal,  2.7f  Cl,  support  type  #1 

1,  0,  0 

u,  1,  1 

2,  1,  1 

79 

1>3 

Bimetallic,  2,  5f,  support  type  #1 

29,  ?9,  26 

57,  55,  55 

57,  60,  57 

80 

131 

4f  metal,  type  #1 

38  ,  54  ,  55 

59,  58,  57 

74,  73,  72 

82 

1}0 

4f  metal,  type  #1 

’-2,  37,  56 

69,  66,  65 

85,  88,  85 

83 

132B 

2f  metal,  type  #1 

39,  34,  55 

62,  59,  58 

65,  86,  80 

84 

132A 

2f  metal,  type  #1 

40,  40,  56 

70,  69,  64 

68,  86,  66 

85 

13-270 

Bimetallic,  2,  8f,  support  type  4U 

•  -1 

- 

'1 

86 

155 

2f  metal,  support  type  #1 

-1 

-1 

-1 

87 

136A 

2f  metal,  support  type  #1 

-1 

-1 

88 

137 

Bimetallic,  2,  2f,  upport  type  #1 

•JL 

-iL 

eg 

140B 

lOf  metal,  support  type  #2 

16,  14,  12 

2},  20,  18 

31,  16,  15 

90 

14CA 

lOf  metal,  support  type  #2 

29,  26,  26 

44,  45,  44 

70,  70,  70 

91 

140C 

lOf  metal,  support  type  #2 

25,  25,  25 

50,  4 C,  41 

43,  38,  39 

92 

14 1A 

Bimetallic,  1,  2f  support  type  #1 

-1 

-1 

'1 

95 

14  IB 

Bimetallic  1,  2f  support  type  *1 

-1 

-1 

94 

139 

If  metal,  .  :pport  type  *1 

56,  55,  35 

69,  60,  55 

83,  75,  - 

95 

14 1C 

Bimetallic,  1,  if,  support  type  41 

?5,  ?5,  22 

49,  45,  45 

60,  58,  54 

96 

14  2A 

Bimetallic,  2,  nf,  support  type  #1 

-,  26,  30 

47,  4;.,  41 

>8,  59,  38 

Moved  MICTR  to  new  location 

97 

139 

If  metal,  support  type  *1 

53, (45), 40 

£2 ,  f?4 ,  65 

S3,  85,  64 

98 

1UPB 

Bimetallic  4,  \lf  support  type  #1 

37,  57,  37 

62 ,  62,  60 

85,  81,  68 

100 

- 

Reactor  tube  filled  with  quartz  only 

_ 

0,  0,  0 

101 

?4 

If  metal,  support  type  *i 

t? ,  *.9,  *2 

60,  hi,  t? 

7-a,  79,  76 

10.  ■ 

1*0 

-<  -i--.nl,  -----  '1.  ri-il  C-0 

t  l>  .  J  «  -T 

"o,  'v- 

‘|1‘. ,  9'* ,  .X) 

10  3 

139 

If  metal,  support  type  *  1 

.*■*  r  l  1  .  *  1 

.f 

104 

1-7A 

2f  metal,  support  type  41* 

<1 

<1 

105 

7  , 

If  metal,  suppr-t  type  fl 

ic  1  a.  71 

J7>  -4.. 

59,  (*0,3? 

77,  69,  (TO 

91,  (88). 66) 

106 

rue) 

If  metal,  support  type  *1 

1 0,  r>c.  30 

75,  70,  75 

107 

?u 

If  metal,  support  type  <fi 

28,  25,  25 

55,  40,  48 

79,  68,  68 

109 

24 

If  metaL,  support  type  *1 

£6 

75,  i  -  -.5 _ 

1*>  65,  66 

a)  Impregnating  rolutior.  <!:  fferent  from  tlifit  ior  catalyst  (  Con'fc ln.ll 00.  ) 

V)  r. fir#  t.-r.cenc  furl'd  with.  conversion  of  MCH  ir.cl  ;ir:s  v  —  n. 

r)  In  !ir  Tlninaie  loading. 
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Table  73  (Contd-2).  MCH  DEHYDROGENATION  WITH  VARIOUS 
CATALYSTS  IN  KECTR  (LHSV  =  100 ) 

Period;  December  1966  to  February  1967 

Conditions :  10  atm  pressure.  Catalysts  reduced  in  Us  for  20  min 

at  796 °F.  GLC  samples  normally  taken  at  8-  and  13-min  oper¬ 
ation  at  each  block  temperature.  Catalyst  volume:  0.9  ml. 
Catalyst  diluted  with  1.1  ml  quartz  chips. 


Run 

No. 

Catalyst 
No.  0074- 

■ 

Catalyst  Description 

*  MCH  Conversion 

662"? 

752*F 

842‘F 

no 

139 

1*  metal,  support  type  #1 

32,  28,  28 

45,  50,  44 

80,  70,  69 

111 

7 

1*  metal,  support  type  #1 

36,  29,  28 

64,  53,  52 

69^  n,  76 

112 

152B 

Bimetallic,  2,  2*  type  #1 

22,  2,  2 

28,  2,  <1 

10,  1, 2 

113 

130 

4*  metal,  support  type  #l,purif.,932*  muffled 

28,  29,  28 

62,  53,  51 

89,  lb,  r 3 

114 

142B 

Bimetallic,  4$,  10*,  type  #1  (500'’) 

28,  31,  28 

52,  55,  55 

77  ,  62,  76 

115 

15U 

Bimetallic,  2,  2*,  type  #1 

25,  23,  27 

43,  43,  38 

60,  4g,  u5 

116 

24a) 

1*  metal,  support  type  #1 

54,  at,  28 

63,  56,  55 

90,  80,  78 

117 

15  IB  . 

Bimetallic,  2,  2*,  type  #1 

28,  19,  9 

43,  5.,  27 

79,  74,  68 

118 

151C° 

Bimetallic,  2,  2*,  type  #1 

18,  17-  16 

33,  27,  25 

49,  14,  <1 

119 

152Aa) 

Bimetallic,  2,  2*,  type  #1 

0,  0,  0 

<1 

<1 

120 

152C 

Bimetallic,  2,  2*,  type  #1 

28,  18,  (9) 

44,  <1 

42,  <1 

121 

148, 

5*  metal,  type  #1 

39,  32,  30 

60,  57,  53 

81,  85,  80 

122 

24a) 

1*  metal,  type  #1 

37,  30,  31 

54,  58,  55 

68,  64,  63 

123 

155£l 

Bimetallic,  2,  10*,  type  #1 

31,  32,  29 

5 6,  55,  52 

68,  67,  66 

124 

142° 

10*  metal,  type  #1 

<1 

2,  10,  17 

21,  12,  <1 

125 

100*) 

Metal  +  F,  support  type  #9 

0,  0,  - 

<1 

<10 

126 

25B* 

1*  metal  +  F,  support  type  #1 

0 

0 

0 

127 

25A1 bL 

1*  metal  +  Cl,  support  type  #1 

0 

<1 

<1 

128 

156AbJ. 

Bimetallic,  5.  5 *,  support  type  #1 

30,  30,  27 

53,  50,  49 

70,  71,  69 

129 

HC577b' 

0.8*  metal,  support  type  #1 

31,  55,  31 

56,  54,  54 

60,  77  ,  80,  65 

130 

24“  , 

1*  metal,  support  type  #1 

32,  34,  31 

58,  56,  54 

84,  81,  ,5,  75 

131 

24b)=) 

1*  metal,  support  type  #1 

- 

79,  75,  72 

132 

156Bb) 

4*  metal 

37,  55,  34 

61,  60,  57 

80,  89,  e3 

134 

24 

1*  metal,  R-8,  Al203 

29,  29,  26 

56,  SO,  50 

79,  72,  71,  70 

135 

1574 

5*  metal,  R-8,  AlsOa 

25,  13,  6 

1,  1,  1 

2-,  1,  0 

136 

24“) 

metal,  R— 8,  A1203 

28, (37), 30 

50,  49,  47 

73,  73,  70 

137 

139 

1*  metal,  support,  type  #1 

32,  33,  30 

56,  54,  54 

90,  79,  77 

138 

157B 

Bimetallic,  5,  5*,  support  type  #1 

31,  29,  25 

58,  50,  49 

68,  64,  56 

139 

157C 

Bimetallic,  5,  5*,  support  type  #1 

30,  32,  51 

62,  57,  57 

76,  73,  76 

140 

160B 

6*  metal,  support  type  #5 

33,  34,  23 

56,  52,  49 

78,  75,  73 

143 

16GA 

4*  metal,  support  type  #5 

27,  28,  28 

52,  52,  47 

70,  70,  71 

144 

119A 

2*  metal,  support  type  #7 

33,  38,  37 

64,  68,  64 

69,  89,  88 

145 

U9B 

4*  metal,  support  type  #7 

3«,  32,  30 

63,  59,  58 

75,  67,  75 

146 

27 

1*  metal,  1*  Cl,  support  type  #1 

7,  2,  1 

5,  <1,  1 

1,  <1 

147 

24 

1*  metal,  support  type  f 1 

23,  40,  32 

59,  57,  53 

80,  78,  7** 

148 

26A 

1*  metal,  1*  F,  type  #1 

20,  20,  35 

46,  34,  27 

45,  17,  8 

140 

161A 

5*  metal,  support  #6 

28,  26,  23 

37,  30,  30 

43,  47,  57 

130 

16  IB 

5*  metal,  support  #6 

36,  3S  33 

61,  53,  56 

79,  78,  8-5 

151 

16 1C 

5*  metal,  support  #6 

28,  28,  24 

47,  44,  43 

57,  52,  55 

152 

155B 

Bimetallic,  3,  2 *,  type  #1 

-  27,  25 

I*  U  f  1*6  f  '*  1, 

65,  63,  5? 

153 

155A 

Bimetallic,  5,  2*,  type  # 1 

13,  (22),  I- 

13, (11),  2 

15,  11,  5 

154 

133 

Bimetallic,  2,  5*,  type  #1 

24,  29,  26 

62-  51,  -5 

1 3  f  6-**  f  yc. 

155 

72 

2*  metal,  support  type  #1  . 

31,  30,  30 

5S  53,  5- 

156 

12 1A 

10*  metal,  support  type  #le‘. 

40, (26), 37 

43,J>4,  61 

157 

12  IB 

30*  metal,  support  type  *le' 

47,  41,  39 

-,ert,  50:3^1 

26*  J  70;  (  ;6C;4* 

a)  Hew  reactor  tube. 

b)  Hydrogen  flow  left  on  until  temp  drop  occurs,  and  hydro£-'r.  flow  started  before  pu.rp  stopped  after  last 


sample  taken. 

Hcr-lvat'o.n,  *.<•  t-  i  .’.1  i  ■■ :  *  ly  a.  450*7. 

d)  ,iue“J  at  instead-  of  r'  °V. 

e)  Reduced,  „t  932“F  before  test. 

*')  7:.rverai  to  v  . 
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Table  73  (Contd-3).  MCH  DEHYDROGENA.TION  WITH  VARIOUS 
CATALYSTS  IN  MICTR  (IHSV  «=  100 } 

Period ;  March-May  1967 

Conditions:  10  atm  pressure.  Catalysts  reduced  in  Hs  for  20  min 
at  796 6  F.  GLC  samples  normally  taken  at  J>-t  8-  and  13-min  oper¬ 
ation  at  each  block  temperature.  Catalyst  volume:  0.9  ml. 
Catalyst  diluted  with  1.1  ml  quartz  chips.  LHSV  =  100. 


Run 

No. 

Catalyst 
No.  9874- 

Catalyst  Description 

)6  MCH  Conversion 

662°F 

752°F 

842°F 

*■ 

0.76)6  metal,  support  type  #la) 

24, (42), 30 

61, 

60, 

56 

87, 

85, 

80 

n 

24(:ef) 

1)6  Pt,  R-8  AI2O3 

26,  27,  27 

49, 

46, 

48 

72, 

71, 

64 

■H  la  iH 

105B 

1)6  metal,  R-8  A1203 

33,  37,  35 

62, 

65, 

60 

82, 

85  j 

85 

165A 

1)6  metal,  R-8  AI2O3 

18,  21,  23 

47, 

32, 

30 

51, 

42, 

8 

165 

111 

1)6  metal,  support  type  #7 

42,  47,  39 

57, 

70, 

61 

86, 

88, 

81 

164 

168a 

Bimetallic,  2,  2)6,  R-8  AI2O3 

30,  37,  32 

58, 

“i 

56 

83, 

80, 

79 

165 

168b 

Bimetallic,  2,  2)6,  R-8  A1203 

0,  0,  - 

<1 

<1 

1 66 

169A 

2.4)6  metal,  support  type  #10 

24,  20,  28 

51, 

51, 

49 

67, 

70, 

6l 

167 

I69B 

2.4)6  metal,  support  type  #10 

22,  24,  22 

37, 

38, 

32 

44, 

44, 

42 

168 

171A 

2.4)6  metal,  support  type  #10 

22,  18,  1? 

8, 

<1,( 

) 

11, 

^y 

— 

169 

171B 

4.4)6  metal,  support  type  #10 

20,  15,  18 

17, 

26, 

25 

21, 

14, 

— 

170 

24(  ref) 

1)6  Pt,  R-8  Alp03 

27,  27,  29 

49, 

56, 

54 

76, 

75, 

70 

171 

171C 

2.4)6  Pd,  support  type  #10 

-,  8,  7 

14, 

<1 

<1 

172 

173A 

0.5)6  metal,  sirjport  type  #10 

15,  10,  <1 

8, 

5, 

<1 

6, 

3, 

2 

173 

173B 

0.5^  metal,  support  type  #10 

<1,  2,  - 

6, 

7, 

5 

8, 

7, 

6 

174 

173C 

0.5)6  metal,  support  type  #10 

<1 

2, 

2, 

- 

2, 

— 

175 

173D 

Bimetallic,  j. 5,  0.5)6  support  type  #10 

5,  3,  2 

3, 

<1, 

- 

2, 

<1 

176 

183A 

4)6  metal,  support  type  #1 

23,  31,(47) 

78, 

62, 

56 

88, 

82, 

79 

177 

183B 

4)6  metal,  support  type  #1 

-,  26,  24 

56, 

50, 

48 

~  y 

73, 

67 

178 

172A 

6)6  metal,  support  type  #1 

0,  0, 

0, 

0, 

179 

175A 

2)6  metal,  support  type  #1 

35,  32,  28 

56, 

56, 

52 

74, 

73, 

65 

180 

24(  ref) 

1)6  Pt,  R-8  AI2O3 

29,  31,  19 

54, 

56, 

52 

80, 

76, 

72 

181 

175B 

2)6  metal,  support  type  #9 

24,  26,  25 

48, 

41, 

28 

34, 

20, 

- 

182 

172B 

4.4)6  metal,  support  type  #10 

31,  34,  32 

62, 

63, 

56 

81, 

32, 

78 

183 

177B 

Bimetallic,  5,  #,  R-8  AljjCa 

28,  22,  21 

50, 

43, 

40 

58, 

56, 

52 

184 

181B 

2f>  metal,  support  type  #10 

16,  15,  16 

22, 

14, 

15 

2, 

1, 

1 

185 

191 

1)6  metal,  R-8  AI2O3 

27,  23,  26 

52  , 

49, 

56 

79, 

79, 

73 

186 

24  ( ref) 

1)6  Pt,  R-8  A1203 

21,  23,  18 

46, 

45, 

41 

69, 

63, 

58 

187 

177A 

Bimetallic,  3,  4)6,  R-8  A1203 

30,  23,  27 

54, 

49, 

44 

62, 

63, 

59 

138 

181A 

1)6  metal,  R-8  Al^a 

24,  24,  29 

54, 

57, 

54 

77, 

80, 

75 

189 

178A 

5)6  metal,  support  type  #10 

0,  0, 

0, 

0 

0, 

0 

190 

178B 

2)6  metal,  support  type  #10 

11,  14,  12 

28, 

17, 

7 

15, 

:.i, 

11 

191 

178C 

2)6  metal,  support  type  #10 

19,  23,  26 

45, 

43, 

43 

67, 

70, 

63 

192 

24(ref) 

1)6  Pt,  R-8  AlaAa 

25,  30,  27 

55, 

53, 

50 

75, 

77, 

72 

193 

183A 

4)6  metal,  support  type  #1^ 

39,  38.  36 

71, 

71, 

67 

83, 

90, 

88 

194 

183B 

4)6  metal,  support  type  #lb) 

28,  25,  16 

46, 

32, 

47 

65, 

53, 

34 

195 

179A 

4)6  metal,  support  type  #10 

-,  27,  23 

52, 

38, 

38 

66, 

62, 

55 

196 

180A 

5)6  metal,  support  type  #10 

0,  0 

0, 

0 

0, 

0 

197 

180B 

5)6  metal,  support  type  #10 

0,  0 

0, 

0 

0, 

0 

198 

186 

5)6  metal,  R-8  A1203 

0,  0 

0, 

0 

0, 

0 

iwm 

186a 

Bimetallic,  2,  5)6,  A1203 

26,  31,  32 

48, 

57, 

54 

81, 

78, 

74 

ini 

186b 

Bimetallic,  2,  5)6, Al203 

27,  30,  25 

55, 

49, 

39 

75, 

53, 

62 

201 

% 

CO 

1)6  Pt,  R-8  A1203 

28,  30,  31 

58, 

54, 

51 

78, 

75, 

71 

202 

197B 

4)6  metal,  support  type  #1 

32,  36,  36 

06, 

70,  67 

!94,  95,  90,  89 

I  201  1  a~>7A 

4)6  metal,  support  type  #1  . 

35,  39,  36 

70, 

72, 

66 

95,  92,  89,  88 

204 

198A 

4)6  metal,  support  type  #1°' 

34,  27,  21 

33, 

34, 

34 

13, 

12, 

6 

205 

199A 

4)6  metal,  support  type  #1 

26,  23,  24 

54, 

53, 

54 

84, 

88, 

84 

206 

199B 

4)6  metal,  support  type  #1*" 

38,  28-  32 

63, 

72, 

68 

92, 

95, 

91 

207 

199D 

4)6  metal,  support  type  #1°' 

27,  29,  28 

yi, 

60 

86, 

90, 

87 

208 

199C 

4)6  metal,  support  type  #1 

28,  37,  36 

65, 

66, 

60 

06, 

7- > 

87 

a)  Pelleted  powdered  catalyst  supplied  to  the  United  Aircraft  Research  Laboratory 

b)  Muffled  at  1092°F  for  1  hour  in  air. 

-)  Pnrturr  start  1  l2»d  support. 
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Table  73  (Contd-4).  M3H  DEHYDROGENATION  WITH  VARIOUS 
CATALYSTS  IN  MICTR  (LHSV  =  100 ) 

Period:  March-May  1967 

Conditions:  10  atm  pressure.  Catalysts  reduced  in  Kg  for  20  nin 
at  796°F.  GLC  samples  normally  taien  at  3-,  8-  and  13-min  oper¬ 
ation  at  each  block  temperature.  Catalyst  volume:  0.9  ml. 
Catalyst  diluted  with  1.1  ml  quartz  chips. 


Run 

No. 

Catalyst 

No. 

Catalyst  Description 

$  MCH  Conversion 

662'F 

752 “F 

842°F 

209 

9874-24(ref) 

1*  Pt,  R-o  AlaOg 

22,  23,  23 

56,  53,  49 

79,  74,  70 

210 

9874-l8*C 

4$  metal,  support  type  #9 

26,  30,  29 

57,  53,  50 

61,  58,  56 

211 

9874-200A 

456  metal,  support  type  #1 

37,  40,  36 

69,  69,  66 

53,  94,  90 

212 

9874-200B 

456  metal,  support  type  #1  . 

34,  33,  35 

57,  62,  58 

87,  85,  81 

213 

9874-200C 

4^  metal,  support  type  #la' 

31,  35,  34 

59,  63,  61 

88,  88,  87 

214 

9874-200D 

4 i>  metal,  support  type  #la' 

29,  39,  36 

73,  71,  66 

96,  95,  91 

215 

10280-  5A 

2 $  metal,  support  type  4 7 

-,  33 

58,  52,  54 

85,  81,  75 

216 

10280-  5B 

ft  metal,  support  type  #7 

31,  37,  35 

79,  68,  64 

93,  91,  90 

217 

9874-24(ref) 

1$  Pt,  R-8  support 

23,  24,  24 

46,  51,  52 

87,  85,  80 

218 

9874-117A 

ft  metal,  support  type  #1 

-,  27 

54,  57,  57 

81,  82,  82 

219 

10280-  7A 

Bimetallic  (30:70  atom  1) ,  P.-6  A1j>03 

20,  15,(22) 

31,  28,  28 

32,  32,  25 

222 

9874-191 

156  Pt,  R-8  AlaOa 

21,  23,(31) 

48,  49,  50 

78,  69,  76 

223 

9874-187A 

Bimetallic,  2,  ft,  support  type  #1 

32,  27,  26 

58,  56,  51 

73,  74,  70 

224 

10280-  7B 

Bimetallic  (10:90  atom  4>) ,  R-8  AI2O3 

0,  0,  - 

0,  5,  - 

6,  0,  - 

225 

9874-187B 

Bimetallic,  2,  5*,  R-8  A12G3 

19,  23,  24 

45,  46,  47 

65,  65,  62 

226 

9874-188^. 

Bimetallic ,  2,  ft,  R-8  A1203 

-,  28,  27 

61,  59,  57 

79,  79,  77 

227 

10280-  9 

Bimetallic,  2,  0.2^,  R-8  AlaCb 

23,  25,  25 

46,  41,  37 

57,  57,  56 

228 

9874-24(ref) 

ft  Pt,  R-8  AlsOg 

21,  27,  22 

50,  45,  45 

67,  70,  65 

229 

10280-  11B 

Bimetallic,  2,  0.2*,  R-8  A1203 

-,  24,  18 

30,  40,  34 

45,  53,  49 

230 

10280-  11A 

Bimetallic,  2,  0.6£,  R-8  AlaOs 

11,  11,  12 

35,  25,  23 

42,  35,  31 

231 

10280-  10 

4^t  metal,  support  type  #1 

28,  33,  28 

61,  53,  50 

71,  77,  75 

232 

9874-188B 

ft  metal,  ft  metal  oxide-94^  R-8  A1203 

25,  20,  22 

47,  48.  39 

71,  59,  52 

233 

9874-189A 

256  metal,  ft  metal  oxide-94$  H-8  A1203 

27,  32,  29 

59,  57,  55 

82,  80,  74 

235 

9874-190A 

256  metal,  6^  metal  oxide-9-'1^  R-8  A1203 

22,  22,  24 

49,  58,  54 

79,  82,  76 

236 

9874-190B 

256  metal,  6 $  metal  oxide-94£  R-8  A1203 

18,  20,  19 

42,  29,  4l 

62,  49,  45 

237 

9874-189B 

ft  metal,  ft  metal  oxide-94?fc  R-8  A1203 

27,  25,  23 

47,  43,  4i 

60,  60,  58 

238 

10280-  14 

ft  metal,  ft  alkali  carbonate,  R-8  A1203 

27,  25,  25 

51,  53,  55 

72,  71,  72 

239 

9874-24  (ref) 

ft  Pt,  R-8  Al^ 

23,  32,  28 

54,  54,  52 

77,  77,  70 

240 

10280-  13 

ft  metal,  ft  metal  oxide-94^  R-8  Al^Og 

26, (38), 30 

4-4,  46,  47 

77,  71,  71 

24l 

9874-192A 

ft  metal,  ft  metal  oxide-94^  R-8  A120U 

26,  34,  31 

56,  56,  60 

85,  85,  79 

242 

9874- 192B  , 

ft  metal,  ft  metal  oxide-94^  R-8  A3 203 

35,  28,  31 

49,  49,  43 

64,  66,  55 

243 

9874-200DaJ 

4^  metal,  support  type  #la) 

26,  25,  23 

47,  48,  44 

55,  69,  63 

244 

9874-24(ref) 

ft  Pt,  R-8  A1203 

35,  25,  23 

48,  51,  47 

7 6,  70,  67 

245 

9874-200A  v 

ft  metal,  support  type  #1 

30,  28,  32 

63,  65,  61 

90,  90,  84 

246 

9874-200AbJ 

ft  metal,  support  type  #1 

29,  32,  28 

61,  53,  54 

78,  70,  70 

247 

9874-200A°J 

ft  metal,  support  tyju.  #1 

39,  38,  36 

71,  71,  67 

96  ,  96  ,  92 

248 

9874-200D 

ft  metal,  support  type  #1 

25,  29,  29 

63.  65,  61 

87,  92,  88 

249 

10280-  16/,  , 

ft  metal,  &jo  metal  ovHe-94$  support  type  #1 

23,  26,  28 

6S.  64,  62 

93,  90,  87 

250 

10280-  16&-) 

ft  metal,  6$  met  ;i  or  -  j.e-9 ft  support  type  #la) 

29,  38,  36 

66,  64,  61 

92,  90,  86 

251 

10280-  22A 

ft  metal,  suppor  ■  type  #1 

29,  35,  25 

65,  57,  34 

82,  83,  78 

252 

10280-  22B 

ft  metal,  support  type  #1 

31,  33,  30 

68,  60,  58 

86,  84,  80 

253 

9874-193A 

ft  Pt 

24,  30,  29 

59,  58,  54 

84,  78,  74 

254 

9874-193B 

ft  metal,  ft  metal  oxide-94^  R-8  A1203 

30,  28,  25 

50,  55,  - 

75,  68,  57 

255 

9874-24 (ref) 

ft  Pt,  R-8  A1203 

26,  27,  24 

47,  49,  49 

75,  76,  69 

256 

9874 -194a 

ft  metal,  ft  mq.-tal  (as  oxide),  R-8  A1203 

23,  25,  24 

53,  56,  54 

73,  76,  70 

257 

9874-194B 

ft  metal,  (ft  metal  oxide-94^  R-8  A1203 

31,  28,  21 

48,  46,  45 

67,  62,  52 

258 

10280-  24A 

ft  metal,  support  type  #1 

34,  29,  32 

64,  68,  63 

92,  92,  88 

259 

102 P^~  24B 

ft  metal,  support  type  §1 

48,  35,  33 

62,  65 f  6l 

Q2,  88,  85 

260 

10280-  15 B 

ft  metal,  ft  metal  oxide-94^  R-8  A1203 

29,  33,  30 

62,  59,  54 

84,  85,  78 

261 

10280-  27  . 

ft  metal  ,  R-8  AI.-O3 

0 

0 

<1 

26? 

10280-  :'4C'1' 

hfi  cuyjorfc  type  fla) 

39,  30,  28 

60,  67,  64 

94,  93,  88 

a)  Muffled  at  1092°F  Cor  1  hour  in  air. 

b)  UEV  -  200. 

c.)  UC'.V  ■  5 0. 
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Table  74.  MCH  DEHYDBOOENATION  WITH  VARIOUS  CATALYSTS 
- — - - IH  MECTR  tLHSV  ■  200) 

Period;  December  1066  to  February  1967 

Conditions:  Same  as  given  in  Table  v2 

Catalyst  Volume:  0.45  ml 

Catalyst  diluted  with  1.55  ml  quartz  chips 


Run 

]  No.  | 

1  * 

Catalyst 

$  UCH  Conversion 

No. 

987i- 

Catalyst  Dascrlptlon 

662*F 

752*F  | 

842*F  1 

fci 

24 

1?  Pt,  R-8  AIjO, 

23, 

20, 

20 

33,  34, 

30 

55,  52,  ? 

52 

90 

2?  Pt,  R-8  AI|0S 

21, 

22, 

21 

40,  43, 

42 

59,  58,  56 

19 

90 

2$  Pt,  R-8  AI20j 

• 

m 

76,  80,  78,  70,  76a> 

68 

90 

2$  Pt,  R«8  AljOj 

21, 

(35), 

24 

43,  42, 

42, 

55,  55,  52 

71,  64,  64#) 

El 

Shalt  405 

Ctaael f led 

26, 

27, 

25 

44,  '6, 

46 

67,  65,  60 

53 

73 

2$  aatal,  support  typa  no.  1 

20, 

20, 

17 

39,  -9, 

39 

54,  56,  60 

54 

95A 

Biaetal lie  1,  1$  aupport  typa  no.  1 

22, 

22, 

• 

40,  41, 

38 

58,  58,  58 

55 

I08A 

2$  natal,  aupport  typa  no.  1 

29, 

30, 

25 

48,  48, 

52 

72,  67,  66 

57 

107 

7$  natal,  aupport  typa  no.  1 

26, 

25, 

25 

51,  51, 

52 

61,  61,  61 

El 

1178 

8 $  natal,  support  typa  no.  1 

26, 

25, 

23 

52,  48, 

59 

78,  71,  71 

61 

1198 

4$  natal,  support  typo  no.  1 

27, 

20, 

28 

43,  45, 

43 

63,  62,  60 

62 

120 

Blasts!  He  2,M$  support  type  no.  ! 

24, 

32, 

25 

43,  46, 

46 

63,  65,  65 

63 

Shall  405 

Classified 

39, 

25, 

25 

58,  50, 

45 

57,  57,  58 

64 

1 21 A 

10$  natal,  support  type  no.  1 

25, 

27, 

23 

51,  45, 

45 

59,  61,  55 

65 

1218 

30$  natal,  support  typa  no.  1 

(50), 

27, 

25 

47,  4V, 

46 

67,  63,  63 

69 

I08A 

2$  natal,  support  typa  no.  1 

90,  91, *> 

73 

II7A 

4$  natal,  support  type  no.  1 

29, 

29, 

28 

50,  46, 

(57) 

64,  64,  60 

88,  84,  82a) 

76 

125 

10$  aatal,  aupport  typa  no,  1 

m 

55,  53, 

52 

75,  78,  79 

75,  75,  79a> 

78 

II8A 

2$  natal,  support  typa  no.  1 

m 

55,  57, 

52 

77,  74,  71 

87,  81,  80a) 

81 

130 

- 

4$  aatal,  support  typa  no.  1 
(purified,  932*  ouffled) 

m 

57,  55, 

55 

80,  77,  74 

87,  87,  83a> 

a)  932*P7 
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A  r/iT^  .'TP 

Li  Ii'= 


OAFhTK  Heat,  ■  *■•:•  iQKg.4-  hgtign 

A1J  functional  heat  exchangers  iti  the  GAF5TR  are  identical,  as 
shown  in  Figures  90  and  91. 

Of  particular  importance  is  the  annular  design,  permitting  removal 
of  the  iwv-r  tube  for  inspection  end  ..  ating,  and  for  cleaning  of  the  entire 
assembly.  The  inner  tube  is  also  the  wall  of  the  cartridge  beating  unit.  A 
machine  threaded  header  is  welded  to  one  end  of  the  cartridge,  which  allows 
the  roa  to  h»  removed  after  each  test.  The  o+.he-  «rd  is  positioned  oy  a 
restricted  portion  of  the  anno1  •»£  vhlen  centers  the  tube. 

The  outer  heat  exchanger  shells  are  machined  from  Inconel  Alloy  600 
1-1/2  1  bar  stock.  The  cartridge  heater  sheaths  are  also  of  Inconel  600,  but 
other  metals  may  be  used  for  this  purpose  if  desired. 

To  avoid  fuel  channeling,  a  circumferential  distribution  ring  was 
provided  at  the  inlet,  while  at  the  outlet,  liquid  flows  without  restriction 
through  parallel  slots  positioned  radially  around  the  end  of  the  heater. 

The  cartridge  heaters  for  the  annular  heat  exchangers  are  inter¬ 
changeable  and  each  is  rated  at  2000  watts, 220-vac.  This  represents  two¬ 
fold  or  more  the  combined  power  requirement  for  heating  fuel,  heat  losses, 
and  rapid  heatup  of  equipment  on  startup. 

The  exchangers  for  sens  tile  heat  were  sized  using  the  streamline 
flow  equation  of  Sieder  and  Tate  for  heat- transfer  coefficient, 


where  k  =*  thermal  conductivity  of  the  fluid,  Btu/hr  ft°F, 

D  ■  annular  width,  ft, 
w  *  mass  rate  of  flow,  lb/hr, 

cp  *  specific  heat  at  constant  pressure,  Btu/lb'F, 

L  "  length  of  the  heat  transfer  surface,  ft, 

p  ”  absolute  viscosity  at  bulk  temperature ,  lb  mass/hr  ft, 

pa  ■  absolute  viscosity  at  the  surface  temperature,  lb  mass/hr  ft. 

For  a  13-inch  long  annular  heated  space,  5/8"  *  ll/l6",  and  for 
MCH,  calculated  values  of  h  ranged  from  50  to  75  for  the  pressure  range  of 
150  to  900  psia  tuid  temperature  range  of  600  to  14GCTF.  Calculated  temperature 
differences  between  bulk  fluid  and  wall  varied  from  65  to  170*F  over  these 
come  sets  of  conditions. 
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ure  90.  DETAILS  OF  HEA i  EXCHANGER 


AFAPL-TR-67  -ll1* 
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A  Computer  Program  for  Simulating  Endothermic 
Fuel  Reactions  in  a  Packed  Keaoxor 


The  program  described  here  was  assembled  to  allow  calculation  of 
the  amount  of  heat  absorbed  by  a  fluid  passing  through  a  single  tube  packed 
with  catalyst.  Calculations  are  made  for  the  steady-state  condition,  with 
fluid  flowing  through  the  tube  at  constant  mass  velocity  and  undergoing 
endothermic  reactions)  when  in  contact  with  the  catalyst.  Heat  is  suppHc 
to  the  fluid  through  the  walls  of  the  tube:  1)  due  to  an  axial  profile  of 
temperature  imposed  on  the  outside  of  the  tube  wall;  2)  by  flow  of  a  secon 
ary  fluid  outside  the  tube;  or  3)  due  to  an  axial  profile  of  heat  flux 
imposed  upon  the  tube  wall.  To  calculate  the  extent  of  heat  absorption,  the 
program  solves  the  set  of  partial  differential  equations  describing  the  tem¬ 
perature  and  concentration  distributions  in  the  axial  and  radial  dij.ec  -  ons 
within  the  symmetrical  cylindrical  tube.  Thus,  in  addition  to  the  heat 
absorption,  these  profiles  of  temperature  and  concentration  and  the  axial 
profiles  of  pressure  and  tube  wall  temperature  are  also  available  from  the 
program.  An  auxiliary  portion  of  xhe  program  allows  analogous  calculations 
of  conversion  and  temperature  to  be  made  for  a  aeries  of  adiabatic  reactors 
with  reheating  of  the  fluid  between  stages. 


In  its  ’resent  form  the  program  makes  calculations  only  for  methyl 
cyclohexane  as  the  fluid.  This  specificity  is  built  into  the  program  in  two 
subprograms,  REAX  and  RATE.  As  information  becomes  available  for  other 
endothermic  fuels,  alternates  will  be  written  for  these  two  subprograms  xo 
allow  calculations  for  other  fluids.  The  remaining  twelve  subprograms  are 
independent  of  the  fluid  used. 

In  the  following  sections,  use  of  the  program  and  a  description  of 
input  and  output  formats  are  given.  Subsequent  sections  contain  a  brief 
description  of  the  equations  integrated  and  their  physical  basis. 


Input 

Card  1.  The  first  72  columns  comprise  an  alphanumeric  field  which 
will  be  printed  out  as  a  label  for  the  problem  at  the  top  of  the  data  printout. 
Column  75  (LIMIN)  and  column  80  (LAST)  are  control  characters.  LIKEN  is  set 
equal  to  zero  for  the  first  data  deck  loaded  with  the  program.  For  subse¬ 
quent  decks,  a  1  in  LIKEN  calls  for  card  6  as  the  next  data  card;  a  2  calls 
for  card  5  as  the  next  data  card;  a  blank  or  zero  calls  next  for  card  2.  A 
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1  in  LAl-T  Indicates  tv  i  ?.st  vet  of  data.  The 

to  read  another  data  dec’11’  following  eompiet i* 


;V.V'..d  U/  E  I  \  i  - 

i  1  "&  *■  -**4  -  ‘  r-  ■*•-  w*-‘  - 

txit?  TT^bl^m* 


f*  r  t  &  «V"-t 


ui ro  r  n>r  ?  t r-rt^st  fie1  A.r- . 

1-12:  R,  reactor  radius  in  feet, 

15-21*:  REACTR,  reactor  length  in  feet. 

25-5  >:  DP,  catalyst  particle  diameter,  in  feat, 

37-43:  M,  a  connection  factor  for  the  pressure  -drop  *  aicuievion, 
(A  function  of  PF/R,  ranging  free  0.5  for  DP/R*0.45  to 
O.oT  for  DP/RO.19  to  1.0  for  DP/xt-0,  Similar  to 
Figure  55,  Perry,  Chemical  Frigineering  Handbook,  edition 
’j  yag<*  394, 

49-60:  El® UN,  fraction  interpart ieular  voids  in  bed. 

Si -72:  PE,  Peolet  Number  »  10,0 

Cerd  3  -  5*  5  character  I  format  fields  followed  by  one  .’ £ 
character  E-format  field. 


1-5: 

5-10: 

11-15: 

21-25: 

15-20: 

26-37: 

Card  4 


J RE ACT,  number  of  reactions  for  which  calculations  are  to 
be  made. 

KC,  number  of  components . 

M,  number  of  radial  increments  to  be  used  in  calculation. 
(2  has  been  adequate  in  our  work).  (2,  3>  4,  5,  5,  8,  and 
10  ore  permissible.) 

IP5TJP,  a  control  character.  If  equal  to  I  "intermediate 
printout"  is  suppressed  and  only  the  data  printout  and 
the  final  tabular  printout  will  be  obtained. 

NPF-I,  number  of  axial  points  equally  spaced  axially  along 
reactor  for  which  results  will  be  printed  out  either  in 
intermediate  printouts  or  in  the  final  tabulation. 

CR0SKP;  axial  step  length  for  integration  in  feet.  This 
length  will  be  shortened  if  ueoesaary  by  the  urogram  to 
mi nt ain  stability  in  integration. 

-  p,  12  character  E- format  fields. 


i-12:  GAMA,  compressibility  factor  of  the  fluid.  (A  constant 
value  la  used  for  the  length  of  the  reactor) 

13-24:  ZKF,  thermal  conductivity  of  the  fluid  (3tu/hr-ft-*F) 

(A  constant  value  is  used. ) 

25-36:  ZMU,  viscosity  of  the  fluid  (lb/hr-  fit)  (A  constant 
value  is  used.) 

37-43:  HW.  effective  hist  tr&nafer  coefficient  through  the  wall 
of  the  tube.  ( Btu/hr- ft 2- * F) . 

49-60:  HC,  heat  transfer  coefficient  outside  tube  wall  (Btu/hr- 
ft  -*F).  If  flux  or  outer  tube  wall  temperature  is  to 
be  specified  supply  a  large  number  (e . ...  10s)  for  HC. 


Card  5  -  10  Fo.4  fields  giving  the  .mole  fractions  of  ten  possible 
components  in  the  fluid.  For  MCH  fuels,  the  first  six  may  be  used.  These  are: 
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J-6,  FCH;  J-12;  H2;  13-lS,  Co' rent:;  19-24,  an  isomer  of  MCH  which 
not  undergo  reaction  to  toluene;  25~3°>  cyclohexane;  benzene. 

Card  6  -  6  E-format  fields  of  12  characters. 


1-12: 

13-24. 

25-30- 

37-43-1 
4o.  'o-.\ 

30-72: 


G,  mass  velocity  of  feed  i  lb/hr- 
F,  inlut  pressure  (psig ) 

TBARE,  ,nlet  temperature  l”F) 

Initial  conversions  of  three  possible  reactions. 

These  will  normally  be  set  equal  to  zero,  except 
when  calculating  the  second  reactor  in  a  series  where  it 
is  desired  to  refer  conversions  to  the  feed  composition 
to  the  first  reactor.  In  this  case  the  fee-*  composition 
specified  on  Carl  5  would  be  the  initial  feed  to  the  first 
reactor.  For  the  MCH  system,  the  three  possible  reactions 

are:  1 '  MCH  - — **  Toluene  +  3Hz,  2*  MCH - >  Isomer; 

3)  CH  ~  1  ~  Benzene  3H2. 


Card  7  -  ?I C,  ?S  12.4 

l-o  :  I.ilDLXT,  a  cont'-oi  character  specifying  the  type  of 

boundary  condition  to  be  used.  The  value  of  the  control 
character  also  influences  the  interpretation  of  ire  data 
on  this  card  and  the  following  card  (if  used). 

6-12:  NPROP,  specifies  the  number  of  E-format  fields  to  be  read 
on  this  card  and  the  following.  If  NPROP  is  5  or  less, 
the  following  card  will  not  be  called  for  and  should  not 
be  supplied  except  when  calculating  a  series  of  adiabatic 
reactors  in  which  case.  Card  3  is  always  called  for. 

13-24:'' 

25-36: 

37-48:  1  Boundary  condition  inf or, tat ion  read  under  the  name 

49-50:  DAIPRO  (1),  l.i,  5 

61-72: 

Card  b  -  o  E  12.4.  These  fields  offer  a  continuation  of  boundary 
condition  information  read  as  DAIPRO  (I),  I  «  o,  11. 


If  INDEX!  .  1,  toe  boundary  condition  information  (DAT PRO)  is 
‘trr^s.'tsd  s®  sp$ cif .l?d  -hhr*  fi^coDd^r^1,  fluid  f,iuri*ouT*,d  i^*7  t-hr?* 

reactor  tube  (*F).  If  HC  is  made  very  larpe,  these  temperatures  are  1  1  ef¬ 

fectively  toe  -utside  well  temperatures  of  the  tuoe.  If  NPROP  »  1,  tr.ii 
temperature  is  Laden  an  e  constant  along  the  length  of  the  tube  with  the  valut. 
given  by  DAIPRO  (l),  (Card  7,  columns  1J-24)  If  NPROP  *  2,  the  temperature  is 
taken  to  vary  linearly  elong  the  length  from  an  inlet  end  tairrpe  rat-are  of 
DAIPRO  (l)  to  an  outlet  end  temperature  of  DATPRO  (2),  If  NPROP  *  3  or  higher, 
(up  to  a  maximum  of  10),  the  DATPRC  values  are  taken  as  equally  spared  points 
on  an  axial  temperature  profile .  In  the  program,  these  specified  points  are 
fit  with  a  serisB  of  parabolas  to  obtain  values  for  intermediate  points  along 
the  reactor. 


272 


AFAPL-TR-67-llfc 

Part  1 

If  INDEX!  -  2,  the  boundary  condition  information  i n  referred  tc 
a  secondary  fluid  aurrcunu  ^  the  tube,  only  the  first  three  values  of 
DATPRO  are  used  (NPROP  should  be  set  ■  .5,  and  Card  3  should  be  omitted )- 
Reasonable  values  enould  be  supplied  i or  JJC  and  IT/  in  this  case.  D.ffPRO  (l) 
is  the  inlet  and  temperature  of  the  secondary  fluid  C’F).  DATPRO  (2)  is  the 
flow  rate  of  the  secondary  fluid  (lb /hr).  For  cocurrent  flow  this  should 
have  a  positive  sign  and  for  countercurrent,  a  negative  sign.  DATPRO  (j)  is 
the  heat  capacity  of  the  secondary'  fluid  (Btu/lb- CF ) . 

If  IHDEXT  -  3*  the  boundary  condition  information  is  treated  as 
<±  specified  beat  flux  1  Btu/nr-ft2)  to  the  tube.  A  single  specified  value 
for  a  constant  flux  or  a  sequence  of  values  for  a  flux  profile  are  treated 
in  a  manner  analagoua  to  that  used  for  temperature  profiles  when  INDEXT  *=  1. 

The  value  of  NPROP  should  agree  with  the  number  of  points  specified  and 
Card  9  omitted  unless  NPROP  is  6  or  greater.  The  flux  values  as  veil  as  RC 
aid  HW  should  be  based  on  the  inside  wall  area  of  the  tube. 

If  INDEX!  -  h,  a  one-dimensional  calculation  will  be  made  for 
a  series  of  adiabatic  reactors.  These  reactors  will  all  be  of  the  same 
length  specified  by  DATPRO  (ll)  in  feet.  The  number  of  reactors  is  given  by 
NPROP  and  the  separate  feed  temperatures  to  these  ere  given  by  the  first 
NPROP  values  of  DATPRO  in  *F.  The  composition  of  the  feed  to  each  reactor 
after  the  first  is  given  by  the  composition  of  the  product  leaving  the  preceding 
reactor.  Card  S  is  always  required  for  this  calculation. 

Output 


Three  types  of  output  printing  are  available  from  the  program: 

1 )  A.  first  page  repeating  input  data;  2)  Intermediate  printouts  giving 
radial  profile  information  at  a  selected  number  of  points  along  the  reactor; 
and  3)  A  final  tabular  printout  listing  heat  transfer  coefficients  used  and 
giving  axial  profiles  of  temperatures,  pressure  and  conversion. 

The  printout  of  input  data  is  reasonably  self-explanatory .  At 
the  top  is  given  the  label  from  the  first  card  of  the  input  deck  followed  by 
the  names  of  components  and  their  mole  fractions  in  the  feed.  The  remaining 
input  data  is  repeated  below  in  the  same  units  ured  in  the  input  data  deck. 

The  portions  labeled  ARAIE,  BRATE,  CRATE  printout  rate  constant  parameters 
whi-n  ere  built  into  the  program  in  subprogram  REAXN.  The  bottom  portion  of 
the  tnge  gives  the  boundary  condition  information. 

Tbs  intermediate  printout  may  be  cuppreseed  if  not  require,  as 
explained  in  the  input  section.  Each  intermediate  printout  occupies  a  sepa¬ 
rate  page,  giving  the  number  of  printout,  pressure  in  psig,  temperature  of 
the  "secondary  fluid"  in  °F,  mean  conversion  in  each  of  the  pertinent  reac- 
tionr,  in  awles/mole  of  feed  and  the  mean  temperature  of  the  reacting  fluid. 
This  is  followed  by  radial  profiles  of  conversion  and  temperature.  The  radial 
profiles  are  at  equal  r2  increments  beginning  at  the  centerline  and  ending  at 
the  outer  limit  of  the  packing.  Then,  the  number  of  steps  taken,  the  reactor 
length  and  heat  added  up  to  this  length  are  given.  Finally,  the  printout 
gives  the  mean  fluid  composition  in  both  mole  fraction  and  moles/mole  of  feed. 
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The  final  printout  gives  the  heat— transfer  coefficients  'deed  and  a 
tabulation  containing  temperatures.  pressure,  conversions  and  heat  added  at 
NPRLNT  equally  spaced  points  along  the  -eactor  length.  H  is  the  overall  heat 
transfer  coefficient  from  secondary  fluid  to  the  outside  of  the  packing,  KC 
and  HW  are  as  input,  the  coefficients  across  the  secondary  fluid  and  the  metal 


Vftl  1 


l'uIu  A.  4.-4UJ  JUo  U  J.li6xUU  UilC 


reactor  vail.  HP  is  the  part iclo-to-fl aid  heat  transfer  coefficient  inside 
the  catalyst  bed.  Tie  tabular  part  of  the  frnal  printout  lists:  the  length 
(in  feet),  iveai  ad  .ed  (Btu/lb),  average  fluid  temperature  (°F),  centerline 
temperature  of  the  reactor  (®F),  temperature  at  the  outside  of  packing  (°F), 
temperature  on  the  hot  side  rf  reactor  wall  (®F),  pressure  (peig),  and  con¬ 
versions  by  each  cf  the  three  possible  reactions  (moles/ mole  of  feed). 

Numerical  Integration  Aspects  of  the  Program 


The  program  operates  to  solve  the  differential  equations  using  a 
sinnle  forward  difference  approximation  in  the  axial  direction  and  higher 
order  approximations  in  the  radial  direction  for  temperature  and  conversions. 
The  radial  variable  used  is  r2,  thus  increments  in  the  radial  direction  are 
of  equal  area.  The  radial  increment  is  set  by  M,  the  numbei  of  radial  in¬ 
crements  data  loaded.  From  the  standpoint  of  computing  time,  it  is  desirable 
to  use  a  minimm  valr^j  for  M.  Our  experience  has  been  that  the  minimum  value 
of  M«»2  has  given  satisfactory  accuracy.  Hence,  a  larger  number  of  radial 
increments  would  be  used  only  to  obtain  a  more  precise  definition  of  radial 
profiles.  The  axial  step  is  data  loaded.  However,  for  stability  of  inte¬ 
gration,  a  relationship  between  the  axial  and  radial  step  must  be  met: 


* 

where:  k  is  the  axial  step  (ft) 

Dp  is  the  particle  diameter  (ft) 

Pe  is  the  Peclet  Number 
Rj.  is  the  tube  radius  (ft.) 

Hie  pi-ogrouii  is  nrrn.ig?d  to  automatically  reduce  the  data  loaded 
axial  step  size,  if  necessary,  to  meet  this  criterion.  From  the  standpoint 
of  accuracy  we  have  found  no  benefit  in  reducing  the  axial  step  below  the 
value  required  for  stability.  Of  course,  from  the  standpoint  of  computing 
time  it  is  desired  to  use  the  largest  possible  axial  step.  Our  experience 
with  computation  times  is  limited  to  those  on  an  IBM  7040.  Here,  the  compiled 
form  of  the  program  (object  decks)  require  about  0.75  min  for  loading  and 
0.5-0. 7  min  for  calculation  of  a  ten  foot  reactor  tube  (500  axial  steps)  with 
one  reaction.  The  inclusion  of  the  second  reaction  adds  about  0.1-0, 2  min  to 
this  calculation.  Our  experimental  results  with  the  smaller  diameter  tube 
(R«l. 15x10  *  ft)  require,  a  smaller  axial  step  for  stability  (2000  axial 
steps  for  a  10  ft  length)  and  take  a  proportionately  longer  calculation  tire. 
The  calculation  of  the  adiabatic  reactors  goes  very  much  faster  since  nc 
stability  restriction  is  imposed  and  only  one  source  term  is  required  on  each 
axial  profile.  For  this  type  of  calculation  one  is  concerned  only  with  the 
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effect  of  axial  step  cizt  on  accuracy.  A  step  size  of  0.02  ft  has  been 
satisfactory  Cor  the  i&agnitude  of  rates  and  mass  velocities  for  which  vt 
have  been  calculating  up  to  this  time. 

Reactions  in  the  M3H  System 

The  portions  of  the  program  specific  to  the  *CV.  fuel  system  have 
been  set  uo  to  allow  calculations  for  three  possible  reactions  among  six 
possible  components.  For  a  pure  MCH  feed,  however,  only  the  first  two 
reactions  and  four  components  are  necessary.  The  reactions  in  order  are: 

J  Reaction 

1  Toluene  +  3H£ 

2  MCH— > Isomer  -  not  reversible 

3  U»  Benzene  *■  3H2 


For  moat  screening  calculations,  it  will  be  sufficient  to  deal  only 
with  the  first  reaction  (jREACT-1  and  KC-3).  For  more  refined  calculations 
the  formation  of  isomers  (principally  ethyl  and  dimethyl  cyclopentanes) 
should  be  taisn  into  account  as  well  (JREACT-2,  KC-4).  Under  extreme  condi¬ 
tions  of  low  space  velocity  and  high  temperature  as  much  as  five  percent  of 
the  MCH  feed  may  be  diverted  by  this  nearly  isoenthalpic  reaction  and  thus  be 
unavailable  for  the  primary  endothermic  reaction.  The  third  reaction  was  in¬ 
cluded  in  the  program  only  because  some  of  our  experiments  were  carried  out 
with  a  feed  containing  about  3-5  mol  $  cyclohexane . 


The  first  and  primary  reaction  is  treated  as  reversible.  Both 
equilibrium  and  reaction  rate  parameters  are  built  into  subprogram  REAXN.  The 
rate  of  the  reaction  is  calcu  ated  at  each  mesh  point  in  the  program  by  sub¬ 
routine  RATE,  the  reaction  rate  is  calculated  from  the  expression 


R(lb-mol/hr-ft3) 


(l-e)  (A1A2)  exp 


1  +  Ac  exp 


MCH 


1  - 


tolHa 

P  K 

MCH  e<i 


wnere : 


t  is  th#  fraction  voids  in  the  bed. 

is  the  local  concentration  of  MCH  (lb  mol/ft3)  in  the  gas  phase. 


a 


PtqlJ  PH2  az'ld  8X8  the  partial  pressures  of  toluene,  hydrogen 
find  MCH  C  m7  • 

R  is  the  gas  constant  (Btu/lb  mcl  -  *R). 

T?  is  the  surface  temperature  of  the  catalyst  pellet  (*fl). 

IT  is  the  equilibrium  constant  for  the  reaction  (a  function  of 
temperatureeraly } . 

Ax,  Az  and  Bx,  Be  are  rate  parameters  printed  out  with  the  inout 
data  as  ABATES  (l  and  2)  and  BRiTES  (l  and  ?). 
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They  have  the  values: 

Aa.  -  T^xlO12  Bi  -  -59000 

A2  -  i+.5xlO_e  B2  -  5^000 

K  „  for  this  reaction  is  calculated  frotr.  the  expression: 

eq 

The  surface  temperature  of  the  catalyst  pellet  ie  related  to  the  fluid  tem¬ 
perature  by  the  equation: 

T  «  T  +  jgggp 
8  g  6H? 

This  temperature  and  the  reaction  rate  R,  require  an  iterative  calculation 
since  each  quantity  depends  on  the  other.  They  are  circulated  together  in 
cub routine  RATE. 


The  second  reaction  is  treated  as  an  irreversible  first  order 
catalytic  reaction  with  the  rate  given  by: 

R a  ( ib-mol /hr- ft3 )  -  (l-«  )  Aa  exp  (Ba/R^T,) 

This  is  obviously  a  simple  approximation  to  the  rate,  but  has  proved  satis¬ 
factory  in  reproducing  experimental  results  when  smU.1  conversions  (5^m  or  less) 
to  isomer  were  observed.  The  values  of  the  rate  constant  parameters:  Aa  and 
B3  are  contained  in  subprogram  REAX  as  ARATE  (?)  and  BRATE  (>).  They  have  the 
values : 

A3  -  1 . 4x1 07 

B3  *=  -30,000 

The  third  reaction 
only  for  scaallcciicentraction 

Ra  (lb  mol/ft3-hr) 

where 

A*  -  3.25x10s 
B4  -  -27000 

Physical  Baaio  of  Computer  Program  for  Simulating  Packed  Bed  Reactor 
Material  and  Energy  Transport 

The  general  equations  describing  material  and  energy  transport  within 


is  also  treated  in  a  sia^-lified  manner  suitable 
of  cyclohexane  in  the  feed.  The  rate  is  given  by: 


(1-0  C^jj  A*  exp 


(B4/RgTe) 


(i  -JgBdl 

\  PCHK4q  j 
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a  packed  bed  have  been  dlsouaeed  in  eome  detail  previously®^  end  will  not  be 
discussed  here.  V.'e  simplify  the  aquations  by  making  the  following  assumptions: 


1.  The  flow  is  axially  symmetric, 

2.  Axial  diffusion  and  conduction  may  he  neglected;  end 

3.  Molecular  diffusion  nay  be  neglected. 


The  last  assumption  is  important.  By  imposing  the  same  (eddy)  diffuaivity  on 
all  cheaic  il  species,  it  allows  us  to  describe  the  material  balance  in  terms 
of  the  conversion  via  each  reaction  rather  than  in  terms  of  the  concentration 
of  each  component.  This  reduces  the  number  of  equations  from  a  maximum  of  ten 
to  a  maximum  of  thine.  In  deriving  the  material -balance  and  associated 
equations  the  basis  has  been  selected  to  be  a  "mass  unit"  of  material  equal  to 
one  mole  of  original  feed.  Conversions  are  thus  expressed  as  moles  of  reaction 
per  mole  of  original  feed.  Similarly  mass  velocities  are  expressed  as  theee 
"mass  units"  per  unit  area  per  unit  time. 

The  steady-state  •tuitions  for  material  transport  are  written  in 
terms  of  conversion,  Xj,  as  follows: 

0  -  0£)  ‘  (U  “5^  +  "5u)  •  ^  J  -  1  to  J  RE  ACT  (1) 

In  simplified  notation  these  are  written: 

0  -  ij  -  <u[ux^  <■  XJ]  -  Sj  (2) 

where  the  dots  signiry  differentiation  axially  and  the  primes  signify  differ¬ 
entiation  radially.  The  quantity  <u  does  not  vary  with  axial  position.  There 
will  be  one  such  equation  for  each  independent  chemical  reaction.  All  will 
have  the  same  value  of  m  and  will  differ  only  in  the  "source  term",  Sj. 

The  steady-state  equation  for  energy  transport  is  written: 


_  /aA  kdr-  f  e2!  A  ar  ^  4k  (  a2!  ,  ar\ 
0m\&)~  V  35*  35  /  "  gc^P  Vu  35s  +  ZuJ 

'  (%)  (tO  ^)t 


Cn  GCq 


JKEACT 

2  RjQj 
1 


The  energy-transport  equation  has  been  written  in  such  a  form  as  to  illustrate 
its  similarity  to  the  material-transport  equation.  In  addition  to  the  assump¬ 
tions  made  for  the  mate rial -transport  equation,  it  has  been  assumed  that  the 
radial,  diffuaivity  for  heat  is  the  sum  of  an  eddy  diffusivity  and  a  "non-eddy" 
Cl  if fue lvlty,  g ,the  latter  in  turn  being  related  in  some  manner  to  the  transport 

a)  Beek,  J.,  Advances  in  Chemical  Engineering,  Vol.  3»  PP  £03-271,  New  York, 
Academic  Press,  1962. 
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of  heat  via  conduction  through  the  fluid,  conduction  through  the  packing,  and 
radiation^  'n  simplified  notation  aquation  (3)  becomes; 

0  «  T  -  etuT"  +  T'  ]  -  St  W 

In  general,  since  terms  aueh  an  k,  C«,  oC «/&F,  and  (5r</cki)  very  axially  as 
well  as  radially,  it  is  convenient  to  lump  all  of  the  last  five  terms  of 
equation  (3)  into  the  source  term,  Sr,  when  solving  the  problem  on  a  computer. 
Equations  (2)  and  (U)  are  then  of  vM  same  general  form. 

The  boundary  conditions  at  the  tube  wall  are: 


xi  -  (nsD  * 0 
T~  -  (D  •  -  ^57^)  •  "Ht<i  ' Iel 


j  -  1  to  JREACT 


(5) 

(6) 


Average  values  of  mays  velocity,  C,  heat  capacity,  Op,  and  thermal  conductivity, 
K°,  are  used  in  applying  equation  (6). 

Coolant  Temper  a  t.ures 

For  a  sensibly  heated,  cocurrent  coolant  the  differential  equation  is: 

(7) 


T  (S*\  SSI  (T  T  \ 
Tc  *  VfW*  ur  (T  *  T<-} 


Pressure  Drop 

The  differential  equation  for  pressure  d, op  is: 

l2  / 


*  op  fG*Af 

£cPdp 

f-  % 

For  the  friction  factor  the  equation  of  Ergun  '  is  used: 

*  15“  Hr) 

For  gases  the  specific  ’/oluaie  will  be  of  the  form: 


(3) 


(9) 


1  7RoT 

p  ~r 


(19.) 


In  terms  of  the  conversion  as  defined  in  this  report,  the  specific  volume, 
averaged  radially,  becocoee: 

a)  Ergun,  S.,  Chszr..  Er.gr  I  Progress,  (1952). 
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lm2Sa i 

P  P% 


k 

t 


JKE/L'T  /  KC 
+  E  (  E 

.1-1  Nc-i 


xf  xi 


The  variation  of  pressure  within  the  bed  has  been  included  in  the  analysis 
because  of  its  effect  on  the  rate  of  gas  phase  reactions. 


(n) 


Heat -Transfer  Coefficients 


The  heat-transfer  coefficient  from  the  fluid  to  the  catalyst  parti¬ 
cles  is  that  suggeeteu  by  Beeka)  for 

hr,  -  TT  [3.22  (Re)^  (Pr)^  +  0,117  (Re)0,0  (Pr)0’4]  (12) 

*  ap 

The  heat  transfer  coefficient  at  the  vail  is  given  b:  : 

hy«  [0.203  (Bs)^  (Pr)'k  +  0.220  (Re)0,0  (Pr)0’4]  (13) 

Effective  Thermal  Conductivity  Within  the  Bed 

Radial  transport  of  energy  occurs  by  a  variety  of  means,  to  wit: 
eddy  conduction,  conduction  through  the  fluid,  conduction  through  the  catalyst 
and  radiation.  In  equation  (3),  it  is  assumed  that  the  conductivity  is  the 
sum  of  the  eddy  and  "noneddy"  conductivities..  The  latter  includes  all  other 
forms  of  conduction  and  is  treated  by  the  method  suggested  by  Seek. a’  The 
overall  conductivity  is: 


EDDY  PACKING  RADIATION 

Note  that  no  expression  for  molecular  conductivity  of  the  fluid  has  been 
included . 


Overall 


CLGd_  0.6  h  d  k 
+  _ P  P  s 

Pe  21r0  +  0.7  Ju(L. 


2€rardyT3 


Heat  Capacity 

The  heat  capacity  of  each  component  is  assumed  to  be  of  the  form: 
(Cp)ic  -  a*  +  bijT  (15) 

Hie  heat  capacity  of  the  mixture  is  assumed  to  be  linear  in  composition. 

Peolet  Number 


The  Peclet  number  is  assumed  to  be  constant  throughout  the  reactor. 


a) Beak,  J.,  Loc.  cit. 
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AFAPI.-TO -67-llU  TART  s’  T*;  WTTT  V  nTVT?  AOUTMT  OArvrri  avn  mri nmra  m/Miu 

I  ✓'  . . .  *  *»V*»hU*/  4WW  iUMtVAVKV  <  (VWIWim 

Part  I 

r  SHF L L  DEVELOPMENT  PACKED  BED  RFACTOR  PROGRAM  3/30/67 

STBFTC  MAIN 

c  main  program 

CuMMON/ALL/  CRCJSSK.t  GBAR.  Ht  .  HM»  JREACl.  JRERUN.  KC  *  KVPR1M*  M» 
1  Mm  I NUS  ♦  MONf  »  MH/0.  N,  NPLUS,  OMEGA  .  PH  I  (  12),  R,  SIGMAI12). 

£ *BAkc <3»1)  *  TRCFR*  T  PR  I  Mr ( 3 ;  .  T  AUBE  I  !  ?  ?  ^ • 1 )  *  V  I  13. ?  )  ,  UMl  12*3)  , 

3  UT  112*3)*  XBARV,  (3*3)  »  XSUBM  (  1  2 . 3  •  3  1  ♦  Y.  ZLFNGT ,  7M 
COMMON  /XESEA/  AF»  BARMO*  BTUPPO*  DP,  E»  EPSILN.  EPSILR,  FLARGE. 

1  G*  GAMA,  H,  HC,  HF »  HP*  HW ,  INDEXT,  IPSUP,  KiNT,  NPR  *  NPROC* 

2  NPROP,  NS.S,  NSTEP,  PE,  REACTR,  RGAS ,  ZKF.  ZKS,  ZMU 
COMMON/XF  I  ND/  AdO),  ANAMEI2»10>,  AR  ATE  <  6  )  ,  BUO),  BRAT  E  (  6  )  ■> 

1 C  I  3  *  3  )  ,  CRA  Tp { 6  )  »  DATPRO(ll),  DELTA(IO),  EQ(3*2),  F (  1 0 )  ,  P(3), 

2  PROF (10,3),  PSII3).  QO ( 3  )  ,  SI  10,3).  SRI  12,3),  ST (12,3), 

3  TPRINTI  10,100)  ,  X  1  I  3  I  ,  Z8IGMU0) 

DIMENSION  SUB JEC ( 12 ) 

C  START  Of  PROGRAM 

N  Rl  I N  _  0 

C  RFJi^RN  POINT  FOR  STACKED  RUNS 

C  R  F  AO  AND  WRITE  TITLE  OF  RUN 

13  REAP! ‘->,1000)  (SUBJFCm,  1  =  1*12),  LIMIN,  LAST 

C  l  i  i'i  i  iv  i  i-lal>  hoA  V!  ,TU)  DATA  DECK 

1000  FORMAT  I12A6,  2X,  II,  4X,  II) 

WRI TE ( 6,1001 )  ISUBJEC(I)  ,  1=1,12) 

1001  FORMAT,  I  1 H 1  2  OX ,  ]  2  A6 ! 

C  ZFRO  SIGNIFICANT  PARTS  OF  COMMON 

JRFRUN  =  0 
ZLENGT  =  C.O 
CROSSK  =  0.0 
NPR  =  0 
DO  14  N= 1 , 3 
PIN)  =  0.0 
TRARFIN.1)  =  0.0 
TPRIMFIN)  =  0.0 
XBARM ( N  » 1 )  =  0.0 

X  m  A  Rr*i  (  N  *  2  )  =  i’>  ■  0 

14  XBARM (N, 3)  =0.0 
KINT  =  0 

NORC1P  =  0 
DO  13  1=1,10 
13  DATPRO(I)  =  0.0 
NRUN  =  NRUN  +  1 
JINPT  =  LIMIN  +  1 

C  COMPLFTF  DATA  DECK  RFOUIR?D  FOR  FIRST  RUN 

IFINRUN.EQ.l )  JINPT  =  1 
C  R FAD  AND  WRITF  INPUT  DATA 

CALL  INPUTIJINPT) 

C  CALCULATE  CONSTANT  COEFFICIFNTS 

CALL  MISCFL 

IF ( JRERUN. FQ. 1 )  GO  TO  100 

CALL  SRCOEF 

KVPPIM  =  0 

CALL  FXPCFOIUM) 

kvprim  =  1 

CALL  FXPCFC(UT) 

NSS  =  0 

up  .  n 


PRO 


AFAPI.-TR  -67-114 
Part  I 


NPLU5  =  1 

K.tNf  *  0 

ZLFNGT  =  --CR055K 

I  FI  1  c'  l  IP  )  4  2,4  1  ,<.2 

C  PRINT  OUT  INITIAL  PRflfllF  DATA 

4  1  C  A  LI  P  R  !  N  T  I  !  * 

4  2  CALL  COMPOS 

C  Rr  TURN  POINT  FOR  AM*.  :■  TfP  IN  I  N  T  F  RGR  AT  I  ON 

SO  7LFNGT  =  ZLFNGT  +  CROSSK 
52  N  =  MOD ! N  5S  t  3 )  +  1 

NPL.US  -  MODINSS+l .3)  +  i 

(.ALL  R  A  T  F 
CALL  50URCF 
KVPRIM  -  0 

CALL  tXPLIC < XSIJBM.UM.SR) 

KVPRIM  -  I 

CALL  F  X  P  L IC I TSUOr.UT , AT ) 

CALL  COOl  rx 

IFIJRFRUN.FO.l >  GO  TO  100 
NFS  -  N 05+ I 

5  3  NP  -  NP  +  1 

IF ( NP.LTfNPR)  GO  TO  5C 
KVPRIM  =  0 

CALL  AVFRAGI XSUBM.XB4RM ) 

KVPRIM  =  1 

CALL  AVFRAGI TSUBF  *  TRARF) 

C  IPSUP  5UPPRE  5  5F  5  INTFRMFDIATF  PRINT 

IF  I  IPSUP )  62.61*62 

61  CALL  PRINT! 1 ) 

62  CALL  COMPOS 
NP  -  0 

IF( NSS.LT.NSTfP )  GO  TO  50 
71  CALL  PRINT ( 2 ) 

100  IF  I LAST.NE. 1  I  GO  TO  13 

101  CALL  EXIT 
FND 

S1BFTC  I  NPIJ 

5UBR01TINE  INPUTIJINPT) 

COMMON/ALL/  CROSSK,  GBAR.  HT.  HM,  JRFAC  T .  JRERUN,  KC  »  KVPRIM,  M, 
1MMINUS.  MONF.  MTWO,  N,  NPLUS,  OMFGA ,  PHII12I.  R.  SIGMAM?), 
2TBARFI3.il*  TRFFR,  TPRJMFO,  I  SURF (12.3*1)  ♦  VI13.3)*  UMI12.3), 
3UT (  1 2  *  5 )  .  XBARM (3*3)  ,  X SU RM (  ] 2 »  3 ' 3 )  ,  Y.  ZLFNGT,  ZV 
COMMON  /XESFA/  AF,  BARMO,  BTUPP0,  DP.  F*  FPSILN,  EPSILR,  FLARGE, 

1  G*  GAMA,  H»  HC,  HF .  HP,  HW,  I NDF  XT  *  IPSUP,  KINT,  NPR  *  NPROC , 

2  NPROP,  NFS,  NSTFR ,  PE,  REACTS,  RGAS ,  ZKF,  2KS,  ZMU 
COMMON/XFIND/  A  < 1 0 )  *  ANAME(2*10),  ARATE(6),  BS10).  BRATE ( 6 )  , 

1  C  (  5 , 3  )  ,  CR  A  TE  (  6  !  ,  OATPRO(.IT),  DFLTA(lO),  EQ<3»2),  FI  1  0  )  »  P  (  3  )  . 

2  PROF (10.5),  PS|(3|,  00(3),  5(10,3),  SR<12*3),  5T(1?,3), 

3  TPRINTI 10*100) ,  XI (3),  Z B I GM ( 1 0 ) 

M  -  MC.  A  VF‘ 

RFACTR  =  RESAVF 

C  JINPT  IS  FLAG  FOR  ABBREVIATED  DATA  DECK 

GO  TO  t  10,20,30)  ♦  JINPT 
C  FULL  RATA  DFCK 

10  RFAD ( S  v  1 000 )  R,  RFACTR.  DP,  AF,  FPSILN,  PE 
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AFAPL  -TR  -67-114 

part  I 

1000  FORMAT ( 6f 1? .4 ) 
RFSAVE  =  RFACTR 


RFAD (6,1 OCO ) 

( ARATF ( I ) . 

I  =  1  ♦  6  > 

i 

R  F  AD (6,1  000 ) 

(  B  R  A  T  F  1  I  )  . 

1=1,6) 

RFAD (6, lOOni 

(  CRATE  ![]. 

1=1,61 

4 

RFAD( 5 .100] ) 

JRFACT ,KC  , 

M.NPRI . IPSUP.  CROSKO 

1  OP  1 

FORMAT  ( r 1 6 . 
MSAVF  =  '•* 

F  1  ?  .  4  > 

READ {6,1  non  > 

GAMA , ZKF  , 

7  MU,  HW,  HC ,  DUM 

c 

4  OR  5  CARD 

INPUT  deck 

30 

RFAD (5.1 00? ) 

!  F  (  K  )  ,  K  = 

1,10) 

1002  FORMAT  (lOFfc.A) 

C  3  OR  4  CARD  DFCK 

20  RF  AD  (  c>  *  1  000  )  G.  P  (  1  )  •  T BARF (  1  ,  1  )  »  (  XBARM  (1*1),  1  =  1*3) 

READ ( 5  *  1 003 )  ! NDF  X  T  *  NPROP,  (DATPRO(I),  I  -  1,5) 

100  3  FORMAT  <  ? I 6.5F  12.4  ) 

C  DHM  15  II5FD  To  LOAD  1.0  IF  CARTESIAN  COORDINATE? 

C  H  U5FD  TO  TRANSMIT  INDICATION  OF  CARTFSIAN  CO0RDINATFS  TO  MISCFL 

H  =  PPM 

IF <  < NPROP. t  F.4 ) .AND. t  I NDFXT.NF  .4 ))  GO  TO  21 
RFAD  (  5 , 1  000  )  (DATFROm*  1=6,11) 

1F( INDFXT.F0.4)  RFACTR  =  DATPRO(ll) 

C  SFCTION  2000  FOR  PRINTOUT  OF  INPUT  DATA 

21  WR1 TF( 6,2000) 

2000  FORMAT  (1H0,  65X,  10HJNPUT  DATA//) 

WRITE (6, 2001  )  < ANAME (l,!),  ANAME (2,1),  1  =  1,5),  (F(K),K=l,5) 

2001  F0RMATS1H  ,  16X,  9HC OMPONENT ,4 X , 5 ( 2 A6 ,4X ) /2 1 X , 1HF , 8X , 5 ( E 12 . 4 ,4X ) > 

IF  (KC.LT.6)  GO  TO  2? 

WRITE (6,2001  )  ( ANAME (1,1),  ANAME ! 2  » I )  ,  I =6.10)  * (F  <K)  »K=6» 10) 

22  WRITF(6*?00? )  JRFACT,  R,  GAMA,  K C.  RFACTR,  ZKF,  M,  DP,  ZMU,  NPRI, 

1  AF.  HW,  IPSUP,  FPSILN.  HC  »  CR06KO,  PF 

2002  FORMAT ( 1H0/ /17X  .9HJRFACT  =  ,4 X , 1 1 2 , 6X , 3HR  =  , 1  OX , 1 PF1 2.4 , 6X , 

1  6HGAMA  =  ,7X,  F12.4/17X, 4  HKC  =  9X,  112,  6  X , 8HRE  AC  TR  =  ,5X,E12.4, 

26  X ,  SHZKF  =  , 8 X , FI  2 . 4/ 1 7X , 3HM  =  1  OX , I  12 »6X , 4HDP  =  9X,  F12.4.6X, 
35rlZMlJ  =  8X  ,  E 1 2 . 4/  1  7X  ,  8HNPRINT  =  ,5X,I12,6X,  4HAF  =  9X , t 12 . 4 » 6X , 

4  4HHW  =  9  X ,  F12.4/17X,  7HIPSUP  =  6X.I12.6X,  SHE  PS  I LN  =  ,5X, 

5E1?,4,6X  ,4’rtllC  =  9X.E12.4/17X  »  8HCRC3K0  =  5  X  ,  F 1 2 . 4 , 6  X  ,  4H  P  E  =  9X, 

6  E  1 2  *  4  /  /  ) 

WRI  TE  (  6,2003  )  (  ARATE  (  I  )  ,BRATE(  I  )  ,  CRATEH),  1=1,6) 

2003  F0RMAT(1h  ,  33 X ,5HAR ATE , 19X , 5HBRAT E , 19X , 5HC RATE /6 ( 3 OX , 1  PE  1 2 . 4 , 

1  1 2  X  ,  E12.4,  1 2X  *  El  2. 4/ ) / / ) 

WR  J  T  F ( 6  » 2004 !  G,  P(l),  TRARF<  1  , 1 )»< XBARM ( 1 , I)  ,  1  =  1,3) 

2004  FORMAT ( 1H  /32X.4HG  =  1PE 12. 4 . 7X , 7HP < 1 )  =  0PF6 . 1 , 1 0 X  ,  9HT I NLE T  =  , 

1  F6 • 1 / 32  X ♦ 7HX ( 1 )  =  F8.5.8X,  7HX(2)  =  FB.5,  9X,7HX(3)  =  F8.5//) 

C  FOLLOWING  PRINT  DFPFNDS  ON  BOUNDARY  CONDITION 

GO  TO  (41,42,43.44)  ,  I NDFXT 

41  WRITF(6,?0] 1)  (DATPRO(I),  1  =  1,10) 

2011  FORMAT! 1  HO,  40X,  41HINDEXT  =  1  COOLANT  TEMPERATURE  SPE C I F I FD /23 X » 
1  4HDEGF.  4 X ,  5<4X,F8.2)/  31X,  S(4X,  F8.2)) 

DO  51  1=1,10 

51  DATPRO(I)  =  DA  TPRO (  I )  +460.  -TREFR 
GO  TO  99 

42  WRITE (6*2012)  (DATPRO(I),  1=  1,3) 

2 012  FoRMAT ( 1  HO ,  5gX.  42HINDEXT  =  2  CONSTANT  HEAT  CAPACITY  COOLANT/ 

1  1 8  X ,  14H  INLFT  TEMP  =  .F8.2.20H  DEGF ,  FLOW  RATE  =  .1PE12.4, 

2  14H  LB/HR,  CP  =  0PF8.4,  13H  RTU/LB-DEGF  ) 
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f»A  fPR-'f  i  )  *  :  ATPRiV  1  )  t  660. 

GO  1 O  99 

4  •<  WRIT  (6,201?)  (DAT PRO ( I) , 
2 o 1 ?  r ORMA T i  1 H  0 ,  4?X,  3  6  H I N  DF  X  ! 

1  1  2 H F  1  iiv  PROF  ;  Li  .  1  X  •  1  P f  i 


I?  F  ' 


A?  A  PL  TP.-  T  -  jf.1t* 

Part 


1  =  1,10! 

3  FLUX  BOUNDARY  C  ON{* !  T  |  ON  /(/X* 

,41  .J  ]  O  *  1  H  HJli  t  j  ..  i  ■  .  \  .  ,■  ,  i,  ^  i  f  V'  .  ;  t 


A A  W  R  I  1  F  (  6  «  7  0  1  4  )  NPROP .  {  D  A  T  P  R  C  f  I  !  .  1  =  1 ,10) 

;>0]4  FORMAT  (  IMP  ,  3»X,  1CHIN0FX  r  -  4,  ?X,  J?,3)M  CONSFrUTtVF  A  ['•  t  A  pi  T  |  r 

1  FAC  TOR-'  /  1  ?  X  »  1  AH  I  MU'  T  1FMP  =  ,S  |AX,;  J.  2)  /??>.,  6  1  ■B  F  C  F  *  iv, 

2  9  ( 4  x ,  r  8*^n 

T OARF {  1  ,  1  i  =  OATPPnj  l  ) 

00  61  1=1,10 

61  DA  T  PRO  (  1  )  =  DATPROi!)  4-  460.  -  TRFFR 

C  SFT  l N 1 I  RN  AL  VAR1AHLFS 

99  NPR  =  NPRI 


CROSSK  =  CR06K0 

T  BAR F  (1,1’  =  T BARF  (1,1)  -J-460.  -  TRFFR 

P  (  1  1  =-  14  4.  *  (  K  (  1  )  -*  14.7) 

100  return 


R 


1 1 PrTC  PR  I  N 

subroutine  prink  idumi 

C  IPuM  IS  FLAG  FOR  I  NTE  RMED  1  AT  F  OR  TABULAR  PRINT 

COMMON /ALL  /  CROSSK*  GBAR.  HT,  HM »  JRFACT,  JRE  RUN ,  K.C  »  KVPRIM,  M, 

1  MM  I NU5 ,  MONF  »  MTWO,  N ,  NPLUS,  OMFGA  *  PHI t  12 ) ,  R,  SIGMA*  12), 

2  T  BARF  (  3  »  1  )  *  TRFFR*  rPR  IMF  (  3  1  *  T  SUBF  (  1  2  *  3  *  1 1  *  V  (  1  3  »  3  )  •  'JM  (  1  2  »  3  )  , 
3UK1?,3),  XB  ARM  (3*3)  *  X  SUBM  '12,3*3),  Y  *  ZLFNGT,  2M 

COMMON  /XESEA/  AF,  BARMO,  BTUPPO,  DP,  E*  EPSILN,  EPSIIR,  FLARGE, 

1  G*  GAMA,  H »  HC*  HK ,  HP,  HW ,  INDfXT,  JPSUP,  K1NT,  NPR.  NPROC, 

2  NPROP,  H  SS»  NS  Tp,  pr,  RFACTR,  RGAS,  ZKF.  7KS*  ZMU 
COMMON/XF  IND/  A(10),  ANAME  (2,10),  ARATFI6),  B<10),  BR.ATE  (  6  )  * 

1 C ( 6 , 3 1  ,  C  RATE  <  6  )  »  DATPRO(ll).  DFLT  A ( 10 ) ,  FQ<3,2),  F ( 1 0 )  ,  P(3), 

2  PROF  (1  0,8),  P  ?  I  (  3  )  «  0  sn),  S<10,3)»  SR  <I2»3>,  ST(j2,3)» 

3  TPR1  NT  i  10,100)  ,  XI  (3),  7.  B  I  GM  (  1  0  ) 

DIMENSION  TCtlR'12) 

GO  TO  (100,200),  IDUM 

C  SECTION  100  FOR  INITIAL  AND  INTERMEDIATE  PROFILES 

1  no  k, PR  :  N  !  -  fin  T  4-  i 

WR1 T ( 6, 1 OPO)  KPRINT 

1000  FORMA  T ( 1H1  40X,  34H*»»*  INTERMEDIATE  PRINTOUT  NUMBER  13, 5H  ***»//) 

PCUR  =  P< NPLUS) /1AL.  -  14.7 

TPCUR  =  TPR  IMF  (  NPLUS  )  4-  TRFFR  -  460, 

WRITE (6, 1001 )  NSS ,  PCUR,  TPCUR 

1001  FORMA  T ( 1H0  4X,  ] HN  18X,  8HPRF  SSUPE  27X,  2  OHHOT-S I DE  TEMPERATURE  // 

1  3  X ,  14,  9  X ,  FI  6, 2,  24X,  FJ.5.2) 

TBCUP  -  TBARE (NPLUS, I  )  +  TRFFR  -  460. 

WRI TF  <  6. 1 00?  ) 

1002  FORMAT  IHu  4  X  *  6HJREACT  7X,  4HXBAR  17X,  6HJRFACT  7X,  4  H  X  B  A  R  16X, 

1  6HJREACT  7  X  *  4HXBAR  20X ,  4H 1  BAR  //) 

WRITE ( 6, 1003  )  (J,  XBARMI NPLUS, J)  ,  J=1,JREACT) 

100?  FORMAT  (lH  7  X  »  II,  4  X ,  Fin. 8,  14X,  II,  4X,  E15.8,  1 3 X , I  1 , 4 X , F 1 5 . 8 ) 
WRITE (6, 1004)  TBCUR 
1004  FORMA  T ( 1H+  102X.F15.2) 

WR I TF i 6, 1 005  ) 

100?  F ORMA  T ( 3W0  M I  5 X , 4HCONV3 Ox .4HC0NV  29 X .4HC0NV 1 6X , 1 1 H TEMPERATURE // ) 


ofli 


1 

* 


IF  AH. -TR -67 -Li  4 

P«,rt  I  DO  1  C  1  I  -  1  .MONO 

WR1  rr  Iht  ;0C6  '  !*  J  1  .  JRTAC  T  ) 

1006  r  ORT  !  (  IX.  !'.  L~X.  FIS.  "< «  I  4  X  ,  F  >  S  .  8  .  1  8  x  ,  f  1  .  3  1 

iri)D(  J  )  -  Tf-i.iRf.  f  !  ,  NPLUS.  !  *  *  TRFFfi  -  460. 

101  WRITE  (6*1007!  !;  Jkl  1  1 

1007  F  OR' '  AT  (  1  H  +  1D?X,  0.5.?  ) 

ZZCi-FN  =  ?.  I.  FNGT  +•  CROSS* 

WR!  IT  t  6 . 1  OPR  1  NT,  7  7  F  L  F  N 

}008  M*Rlk4;  I  IKO'JX*  1  W2H  5.  T  F  PF-.  HAVf  ftlTIS  T  ASF  N  /  4  1  X  .  QML  F  N<  T  H  =  ElS.B/'- 
CO  TO  5000 

C  S c  C  T  i  ON  ?0P  FOR  FJNAt  TABULAR  PRINT 

?0P  WRIT  (6.0PPP) 

7PRP  ‘  ORM  A  T  M  H  ]  t,  7X.74H****  FINAL  PRINTOUT  ****//) 

WRITF (6,2001 !  H.  HO*  HW,  HE.  HP 

2001  FORMAT  (  1  HP  34  X ♦ SOH  HF  A  >  iRANSFFR  CCFFF  1 0  I  FN  T  S  USED  (  B  TU /HR- F  Tf.Q-DF 

’  G  F  5  b  X  *  4HH  =  F1Z.4.  2X.SHHC  =  [17. 4, 2X,  SHHW  -  F12.4.2X. 

7  sf  it  -  r  i;».4,?x.  s  hi  ip  .t  f;'.4///s 
WR] 7  F (6.200? ) 

2002  FORMAT  ( 1 H 0  RX,  6HLFNGTH  4X,  6HBTU/LE  6X,  4HTAVG  9X,  3hTCl  ?X* 

1  3H  7  M 1  ax.  3HTMS  8X.  3H  P  9X »  2HX1  9X,  2 HX2  9X»  ?HX3) 

DO  20  1  I -1  ♦  K.  I  NT 

201  WRITF  (6.200'3)  (TPRINT  (.1,1  >,  J=1.10) 

2  003  FORMAT  {  1 H  8  X ,  F  H  6I4X.F7.ll.  3(4X,  F  7 .  c  )  ) 

6000  rfturn 

END 

SiBFTC  MI  SC 

S’JBROUT  I  NF  M1SCFL 

COMMON 7 ALL  /  CROSSK  ,  GBAP.  HT,  HM  j.  JRE  AC  T  ,  JRFRUN,  KC  .  KVPRIM,  M  . 
lMMlNUS,  MONF,  Ml  WO,  N.  NPLUS,  OMFGA.  PHI (  12),  R ♦  SIGMA  M.  21  » 

2  I  BARE  IS*1.  )  .  TRFFR.  TPR  IMF i 3  )  ,  T  CUBE  (12.3,1).  V  (  1  3  >  3  )  »  UM  (  1  2 , 3  )  * 

3 bT 1 1 2  » 3  ) ,  XBARM (3.3) *  XSHSM( l ? , 3 ,3 1 ,  Y,  ZLENGT,  ZM 

COMMON  / X E S F A /  AF,  BARMO.  BTUPPO.  DP,  F,  EPSILN*  FPSILR,  FLARGE. 

1  r,  GAMA,  H,  HO*  HF*  HP,  HW.  INPFXT,  IPSUP,  KlNT,  nPR,  NPROC. 

?  NPRQP,  N5S,  NSTEP*  PE  *  REACTS,  RGAS »  Z KF  ,  2  KS •  7 MU 

COMMON/XF  IND/  A  (  .1  0  )  »  ANAMEI2.10),  A  R  A  T  E  (  6  ’  »  B(10),  BRATE  <6  )  , 

1C  (  5 , 3  1  «  CRATt’16).  DATPRO(ll),  D  F  L  T  A  (  JO)  •  EQI3.2),  F<10),  P(3), 

2  PROF  (  1  0 , 5  )  ,  P  S  I  I  3  )  ♦  00(3),  S(10»3).  SRI12.3).  STU2.3), 

3  TPRlNTt  10,100)  »  .XI  (3)-  ZBIGMI10) 

IF ( INDLXT.EQ.4 )  M=0 

ZM  =  M 

MClNr  -  M  .  1 

MMINUS  =  M  -  1 
Ml  WO  =  M  +  2 

C  ADJUST  AXIAL  STFP  SIZE  TO  MEET  STABILITY  CRITERION 

) F I INDrXT. FG.4 »  GO  TO  42 
(1MCGA  =  4.  n*DP/ (  R**2*PF  ) 

TFSTK  -r  0.  ?S*  (  i  .0+  3.  0*H)  /  (  OMFGA*2M**2  ) 

43  I  F  (CROSSK.  |.E,TFST<  )  GO  TO  4? 

CPOSSK  -  CROSSK /2.0 
CO  TO  43 

C  MEAN  MW  AND  MODAL  FLOW  Or  FEED 

42  BARMO  =  0.0 

DO  41  1  =  l.KC 

41  BARMO  =  BARMO  +  F( I )*Z9IGM(I I 

C-dAR  =  G/BARMO 
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CALCHLA 1  F  p:.')NT  l»'!f  RVAl  AND  AXIAL  STpP 

!  hi  p  -  h  l :  '  ni 

:  M 5  T  F  P  “  Rf  A C T R / C  PO 5 S K 

7NPST  -  j¥. c  I  FP/7NP 

Z N  PR  I  A  =-  /  N(,R  T  *■  0.3 
NPR  -  7  NPR  T ( 


T  »  r»n  T  * 

/  inr  r*  ;  h  -  IN  ^  t\ 

7NST rp  r  7NPRTA  »  7NP 
EO..SK  ^  RFA(  OR/7Nc1FP 
NSTLP  -  7NSTEP 
C  O F F  F  i  C  l  r  N  T  5  F  OR  S  I  M P S 3 *4 S 


int  grati on 


i r ( i ndfxt . rd-4 ’  go  to  ioi 

GO  TO  (  TA, 3? , n , 32 , 74  ,  ' ,75 ,32 ,3  A, 32  )  ,  M 

S I  CM  A  (1  )  =  1.0/<3.0*?M> 

DO  3  0  i=2.M 
IFXP  =  I 

SIGMA  !  l  J  =  { 3, 0+ ( -1 . 0 ) * »  I  EXP) / ( 3.0*7M ) 
S I GMA ( MONE )  -  S i GM A ( 1  ) 


GO  TO  301 
S I GM  A ( 1  I  =  0.120 

sigma  (A)  =  s ; gma ( i ) 
SIGMA (2)  =  0.375 
SIGMA (3)  =  SI GMA (2 ) 
GC  TO  301 


34  SIGMA (1)  =  0.06597222 
S I GMA 16)  =  SIGMA! 1  ) 
SIGMA (2)  -  0.26041667 

SIGMA  15)  =  SIGMA! 2) 

S I GMA ! 3 )  -  0.1 7361  1  1  1 
SIGMA (4)  =  SI GMA (3) 


AFAPL-lm-67-lllt 
Fart  I 


GO  T0  301 

L  M-VALUES  OF  1,  7,  AND  9  ARE  FORBIDDFN 

35  WR  !  T F  (  6  >- 1  000  )  M 

1000  FORMAT  ( 1 H 1  ,10X,  21H  FRROR.M! SCF  LL  AN ECUS .  »  4H  M  =  !5»  25HNOT  A 
1  PERMISSIBLE  VALUE.  /  10X,  41H  THE  NEXT  SET  OF  DATA  WILL  BF  PRCCE 


2  S  S  r  D  •  ) 

JRF RUN  -  1 
GO  TO  100 

C  COrFF ICIFNTS  FOR  HFAT  CAPACITY  AND  ITS  DFRIVATIVFS  WITH  TEMP  AND 

C  CONVERSION 

301  DO  333  ICT  =  1,5 

r\  r*  ->  o  -»  ■  r~  t  —  -«  'nr  a  r  t 

L'  ^  j  j  v_  I  —  i  ♦  rv  L_  r->  v.  i 

333  C  <  ICT.JCT)  =0.0 
DO  10  K  -  1 , NC 
C  <  1 ,  1)  =  C  (  1  ,  1  )  +  F  (  K  )  *  A  (  K  ) 

10  C  (  2  »  1  )  =  C  (  2  *  1  )  +  F(K)*B(K) 

DO  1?  J=  1  » JRF  act 

DO  11  K= 1 »  <C 

C<3,J>  =  C ( 3 , J )  +  A(K)*S(K,J) 

C I  4 , J )  -  C ( 4  *  J )  +  B!K)*SIK,J) 

11  CIS, J)  =  0 . 5  *C  I  4  ,  J  ) 

12  CONTINUE 

DO  500  1=1 , VONF 
DO  501  J=1,JRFACT 

C  SET  INITIAL  FLAT  PROFILES  OF  TEMP  AND  CONVERSION 

501  X SUBM  I  I  ,  1  ,  J  )  =  XBARM  ■'  1  ,  j  ) 
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'.CO  Tr.UBFf  I  *1  *n  =  TBARFH.!) 

C  HFAT  CAPACITY  OF  F f F P  AND  INITIAL  FNTHALPY 

ojx  •-  o.n 

C4JX  =  0.0 
FNTHO  =  0,0 
DO  900  J-] , JR FACT 

FNTHO  =  FNTHO  t  GO ( J ) *  X  BARM (  1 « J ) 

C3JX  =  C OJX  +  C  <  3  » J  ’  RARM(1,J) 

900  C4JX  =  C4JX  +  C(4»J)  XBARM(ltJ) 

CPO  '  C ( 1 » 1 ) +C  3 JX  +  ( C4JX  +  C  (  2  «  1  )  ) *TRARF ( 1  *  1 > 

BTUPPO  =  FNTHO/RARMO  +  ( C <  1 , 1  )  +C 3 JX +0 . b* I C 4 J X  +  C ( 2 ♦ I )  ) * T BAR E (  1  *  1  )  )  * 
1  TBARF ( 1 » 1 ' /BARMO 

C  HEAT  TRANSFER  COEFFICIENTS  AND  PARAMETERS 

lfl  ZNPR  =  C  PO*  ZMU / ( ZKF*  BARMO ) 

ZNRF  =  DP*G/ZHU 

HP  =  Z  K"  ,/nP*  (  3  .  22*  '  ZNRF *2  VDR  1**0. 033333  +  0.  ]l*’*2NRF»n^0. 8*ZNPR**0. 4  1 
SiGMAR  -  1.712F-9 
R  GAS  =  i  544.0 
GC  =  4.13*10.0**8 

C  COEFFICIENTS  FOR  PRESSURE  DROP  CALCULATION 

F  SMALL  *  I  1  ,-FPSILN)  /FPSI  LN**3* (  1 . 7  5  +  3  50. 0*  (  1  .  -EPS  I  LN  )  /2NRB  ) 

FLARGF  -  FSMAI  L*AF*OGAR*« 2*bARMO*GAMA*RGAS*CRCSSK/GC /DP 
C  DERIVATIVE  OF  VOL.UMr  WITH  CONVERSION 

DO  70  J-  1  »  JREACT 
DELTA(J)  =  0.0 
DO  69  K  = 1  *  K C 

69  DELTA ij)  -  DFLTAIJ)  +  S(N»J) 

70  CONTINUE 
SM  =  0.0 

DO  72  J- 1 » JREACT 
72  SM=SM+DELTA ( J) *X6ARM ( 1 . J] 

PSldi  =  (  TBARF  (1.1)  +TRFFR)*(  1.0+SM) 

I F ( INDEXT.EQ.4)  CALL  ADIA1D 

IF! INDEXT.F0.4)  GO  TO  100 

XH1I  =  0,6*HP*DP*ZKS/(  2.0*ZK5+0.7*HP*DP) 

XI (2)  -  2 • 0*FPS] LR*SI GMAR*DP 

ZKO  -  X  I ( 1 )  +  X  I ( 2 ) * ( T 0  +  TREFR  )  **3 

HM  =  0.0 

HF=ZKF/DP*(0.203*(ZNRF*ZNPR)**0, 333333+0, 22*ZNR£**0,8*ZNPR* *0.4) 

H  =  ].0/(1.0/HW  +  1.0/HC  +  1.0/HF) 

FiT  =  H*R*PF  /  I  2. 0*Gl.iAR*DP  ) 

I F  <  INDFXT.F0.2 )  GO  TO  23 
IF  (NPROP.FQ.l)  GO  TO  23 

C  COFFF  ICIFNTS  FOR  AXIAL  PROFILES  OF  FLUX  OR  TEMPERATURE 

FINK  =  NPROP  -1 
NPROC  =  1 

;f(nprop.eq.2)  go  to  21 

RFiNK  =  REACTR/FINK 


NQUAD  =  NPROP-2 


DO  22  !=1 
FI-  I 
PROF (  I  ,?  ) 
PROF (1,3) 
PROF (  I  ,4  ) 
PROF  <  1,1) 
22  PROF (1,5) 


NQUAD 

=  DATPROt  i  +  1 > 

=  0. 5  * ( DA  TPRO (  I +2) -DATPROt  I  5 ) /RFINK 

=  (0.5* (DAI  PRO (  1+2  >+DATPR0( I ) ) -DATPROt 1  +  1 )  ) /RFI NK»*2 
=  RF I NK*F  I 

--  PROFt  1,1)  +  0 •  5*R F  I  NK 
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AT  AT1/-XK— O  f-.lAA 

PROF ( NQUAD *  5 )  »  REACT  R  +  0.5  Part  I 

GO  TO  23 

21  PROF  (1*1)  a  0.0 

PROF i 1*2)  *  DATPROil) 

PROF  < 1 .? )  =  ( D A  TPRO<  2 )  -  DA  TPRO (  1 ) ) /RE ACT R 

PROF (1*4)  =  0.0 

PROF ( 1*5)  =  RFACTR  +0.5 

23  IF( INDEXT.EQ.3 )  GO  TO  26 
TPR1ME ( 1 )  =  DA  TPRO ( 1  ) 

IF ( INDEXT.FQ.l )  GO  TO  100 
C  SENSIBLE  COOLANT 

24  CCO0L  r  DATPRCH  3 ) 

WCOOL  =  DATPR0(2) 

E  *  H#CROSSK/WCO0L  /CCOOL 
GO  TO  100 

C  FLUX  CONDITION 

26  TPRlME(l)  =  DA  TPRO  <  1  )  /H  +  T  BARE (1*1) 

100  RETURN 
END 

S1BFTC  ADIA 

SUBROUTINE  ADI  A  ID 

COMMON/ ALL /  CROSSK »  GBAR.  HT *  HM*  JRE AC  T *  JRERUN,  KC  ,  KVPRIM,  M, 
1MMINUS,  MONE*  MTWO.  N,  NPLUS,  OMEGA.  PHI (12).  R*  SIGMA(12)» 

2T  BARE  <  3  » 1 )  *  TREFR  »  TPRIME13).  TSL5BE  (  12  *3  »  1)  .  VI13.3).  UH112.3), 
3UT ( 12  *  3 ) *  XBARMI3.3),  XSUBM{ 12 » 3 .3 )  .  Y,  ZLENGT,  ZM 
COMMON  /XESEA/  AF.  BARMO.  BTUPPO.  DP,  E»  EPSILN,  EPSILR,  FLARGE. 

1  G*  GAMA,  H,  HC,  HE,  HP.  HW,  INDEXT*  IPSUP,  KINT.  NPR,  NPROC . 

2  NPROP,  NSS ,  NSTFP,  PE,  RFACTR,  RGAS,  ZKF»  Z  KS  *  ZMU 

COMMON /XF I ND/  A(10),  ANAME<?,10)»  AR A TE ( 6 ) ,  BI10),  BRAT£(6)» 

1 C  (  5  *  3  )  »  CRATE  <  6  )  »  DATPROfll),  DFLTAUO),  EQO.2).  F(lO),  P(3), 

2  PROF ( 1 0 , 5 )  ,  PS  1 <  3 ) »  00(3).  S(10*3)»  SRU2.3),  ST(12,3), 

3  TPRINK  10*100)  *  X  I  (  3  1  ,  ZBIGM(IO) 

IPSTOR  *  IPSUP 

NStCT  =  1 
IPSUP  =  1 
Y  =  CRCSSK/GBAR 
40  NSS  =  0 
NP  =  0 
NPLUS  «  1 
ZLENGT  -  -CROSSK 
CALL  COMPOS 

50  ZLENGT  *  ZLENGT  +  CROSSK 
N  -  MOD ( NSS , 3 )  +  1 
NPLUS  =  MOD ( NSS  +  1 » 3 )  +  1 
CALL  RATE 
TERM1  =  0.0 
TERM2  »  0.0 
TERMA  *  0.0 
DO  29  J  =  1 , JREAC1 

TERM1  a  TERM1  +  ( C ( 3  *  J) *XSUQM ( 1  * N*  J )  ) 

TERM2  *  TERM2  +  (C ( 4  »  J) *XSUBM( 1 »N  *  J  )  ) 

29  TERMA  =  TERMA+ ( SR ( 1 ♦ J ) * (QO( J) +TSU8E ( 1 »N  » 1 ) * ( C ( 3  *  J ) +C ( 5 ♦ J) * 

1  T SUBE ( 1 , N »  1  )  )  )) 

CP  =  C(l.l)  +  TERM1  +  (TERM2  +  C < 2 » 1 ) ) *TSUBE ( 1 »N, 1 ) 

30  37(1,1}  -  — TERMA/CP 
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Parti  TSUPEI  l.NPLUS.li  =  T  SUBE  i  1  ,N  ♦  1  )  -*■  Y*ET!ltli 

DO  31  J=  1  *  JRF  AC  T 

XSU8M  (  1  «  NPLUS-  *  J  )  =  XS'JBMf  1  ,N*  J  >  +  Y*SR!l»-J) 

3]  XBARMINPLUS.J)  =  XSUBM,  I  1  ,  NPLU5  *  J  5 
TBARF INPLUS *1)  =  TSUBE < 1 .NPLUS.l 1 
CALL  COOL  F X 

I F ( JR E RUN. FQ.lt  GO  TO  99 
NSS  *  NSS  +  1 
NP  =  NP  +  1 

I  F I NP.LT . NPR )  GO  TO  SO 
CALL  COMPOS 
NP  =  0 

IF (NSS.LT.NSTFP )  GO  TO  50 
IF  INSECT. FQ.NPROP)  GO  TO  98 
NSFCT  =  NSECT  +  1 
KINT  =  KINT  f  1 
DO  79  1=1*10 

79  TPRINTI 1 ,KI NT)  =  0.0 

DO  80  J=1 , JRF ACT 

X  SUBM  C 1  *  1  »  J )  =  XSUBM(  1 *NPLUS»  J 1 

80  X  BARM ( 1  *  J )  =  XSUBM  < 1  *  1  *  J1 

T BARE (1*1)  =  DATPRO( NSECT  ) 

TSUBE(1»1»1)  =  T  BARE  <  1 1  1 ) 

Pill  =  P(NPLUS) 

SM  =  0.0 

DO  81  J=1 ,  REACT 

81  SM  =  SM  +  DELTA! J) *XBARM< 1,J! 

P  S I ( 1 )  =  ( T  BARE (1,1)  +  TREFR !  *(  1.0  +  SM) 

GO  TO  40 

98  H  =  0.0 

HC  =  0.0 

HW  =  0.0 

HE  =  0.0  • 

CALL  PR  I  NT { 2 ) 

99  IPSIJP  =  IPSTOR 
JRFRUN  =  1 

100  RETURN 
END 

SIBFTC  SRCO 

SUBROUTINE  SRCOFF 

C  CALCULATES  CONSTANT  COEFFICIENTS  USED  IN  FNTHALPY  SOURCE  TERM 

COMMON/ALL/  CROSSK,  GBAR,  HT »  MM,  JREAC  T »  JRFRUN,  KC *  KVPRIM,  M, 
1MMINUS,  MONF,  MTWO,  N,  NPLUS,  OMFGA,  PHl(12>»  R,  SIGMA(12), 
2TBARF(3,1),  TRFFR,  TPR  IMF (  3  )  *  TSUPF ( ] 2 , 3 , 1 )  ,  V<13.3),  UM(12,3), 

3  UT ( 1 2  *  3 )  t  XBARM ( 3  *  3 )  ,  XSUBM! 12,3,3)  *  Y,  ZLENGT,  2M 
COMMON  /-ORSOR/  VCO ( 13) 

DO  10  1=2, M 
FI  =  I 

10  PH  1(1)  =  OMEGA*  ZM*(FI-1.0)*GBAR/4.0 
PHI (MONF)  =  OMFGA* (HT**2 ) *GBAR 
ZMOR  =  2.0*ZM/R**2 
V! 1 ,1  )=  —3 .0*2  MOR 
V! 1 ,2 )  =  4.0*  ZMOR 
V ( 1 »  3 )  =  -ZMOR 
DO  11  1=2, m 
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Part  I 


i  |  =  i 

V  {  I  *  1 )  =  Z MQR* i 2  *  0»F I  -  3.0) 

V  (  I  *  2 )  -  -4, 0*ZMOR*< FI-1.0) 

11  V  <  J  »  3  )  -  ZMOR*(  ?.0«F 1-1.0) 

V ( MONF » 1 )  =  -  ?  M«  2MOR 
VIMONE  ,2}  =  8,0«7M#7M0ft 

V  <  MONF , 3  •  -  -14.0»(7M/R!*«2 
V (MTWO  < 1 )  =  HT*(4.0+12.0*ZM)/R**2 
DO  12  1=2, M 
FI  =  I 

1?  VCO( I )  =  ?m/R**2*(FI-1 .0) 

VCO(MONr)  =  4.0#HT*?M/R##2 

100  RETURN 
E  NO 

SIBFTC  SOUR 

SUBROUTINE  SOURCE 

C  THIS  ROUTINE  CALCULATES  ENTHALPY  SOURCE  TERM 

COMMON/ALL/  CROSSK,  GEAR,  HT,  HM,  JRF  AC  T ,  JRERUN.  KC  .  KVPR1M,  M* 
1MMINUS,  MONF.  MTWO,  N  NPLUS,  OMEGA,  PHI(12>»  R»  SIGMA)  12)  , 

2  T  BARE  !  3  *  1  )  *  TREFR,  TPRIMEO)*  TSUBF  (  1  2 , 3  .  1  )  .  V<13»3)»  UM(12»3), 
3U7  (12*3)  ,  XBARM  (  3 , 3  )  >  X  SUBM  (  1 2 , 3 , 3  )  *  Y,  Zl.ENGT  ,  ZM 
COMMON  /'  X  F  S  F  A  /  AF,  BARMO,  RTUPPO,  DP,  F,  FPSILN,  EPSILR,  FLARGF* 

1  G»  GAMA.  H,  HC »  HF ,  HP,  HW,  I  NOE XT  »  IPSUP,  KINT,  NPR,  NPROC, 

2  NPROP,  NSS*  NSTFP,  PF,  Rr'ACT  R ,  RGAS ,  ZKF,  ZKS,  ZMU 
COMMON/XE  I  NO/  A  (  1  0  )  ,  ANAML(2»10),  AR  A  TE  I  6  )  *  B(10),  BRATE  (  S  )  * 

1  C  ( *5  »  3  )  ,  CRATE(6),  DATPRO(ll),  DELTA)  10)  »  FO<3»2>,  F(lO),  P  <  3  )  * 

2  PROF (  1 0 , 5  j  ,  PS  I ( 3 ) ,  00(3),  $<10, 3),  SR(12»3),  ST(12,3t* 

3  T PR  I  NT ( 10,100) ,  X  I ( 3  )  ,  ZBIGM(IO) 

DIMENSION  XISTAR(U),  SPRlMF(ll),  SPRIM2(11),  SPRIM3(11), 

1  SPR I M4 (115,  CP ( 12  ) 

COMMON  /FORSOR/  VCO( 13 ) 

DO  30  1=  1 , MONF 

c  radial  thermal  conductivity 

XISTAR(I)  =  XIII)  +  XI  (  2)*(TS'JBF<  I  »N,1  )  +  TREFR)  **3 
C  EEFFCT  OF  TEMP  ON  HF  A  T  OF  REACTION 

TERM  1  =0.0 
T  FRM 2  =  0.0 
TFR^A  =0.0 
DO  29  J= 1 , JREAC  T 

T f Rm l  =  tfcmi  4-  ( r  (  3  ,  j)  *x  SUBM  1  !  , N  ;  J 1  ! 

TFRM2  -  TERM2  +  < C < 4 , J ) *X SUBM ( 1 , N , J ) ) 

C  REACTION  CONTRIBUTION 

29  TfRMA  =  TFRMA  +  (SR( I , J) * ( Q0( J)  +  T SUBE t I , N , 1 ) * ( C < 3 , J ) +C ( 5 , J ) 

1  *T  SUBE ( I  i N  » 1 )  )  J  1 

C  LOCAL  HEAT  CAPACITY 

CPtI)  =  C  <  1,1)  +  TE  RM 1  +  (TERU2  +  C ( 2* 1 > ) *TSUBE ( I , N, 1 ) 

30  SPR I  ME ( I )  *  -TERMA 

DC  =  CP(MONE)  +  XISTAR(MONE)  *  PF/ ( GBAR*DP I 
UT ( MTWO, 1 )  4  UT ( MTWO ♦ 2 )  /  DC 
FILDEL  =  TPRIMfiN)  - TSUBt i MONt , N» 1 ) 

C  RADIAL  VARIATION  IN  HEAT  CAPACITY 

SPR I  M2 ( 1 )  =  0.0 
DO  41  1=  2,M 

I  PLUS  =1+1 
IM1NUS  =1-1 


/« 
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Part  I  tfRmo  =-  o.  n 

DO  <.0  J=  1  ,  JRF  ACT 

40  TFRMC  =■  TFRMC+(C<3.J)+C<4*J)*TSUBE(  I  ,N,li  > *2 . 0» ( XSUBM I  1  PLUS , N » J ) 

1  ,YCIIHU  /  lMTMllf  .  M  .  ll  * 

'•  ’  «  ■  I  I  1  V-'  v  >  T  ■  1  J  •  f 

41  SPR I M? (  I  )  =  Put  (1) * ( TSUBF (  I  PI  US,N. ])-TSU3Ff  IMINUS.N. 1 )  ) « fCP(  IPt  US  J 
1  -CP(IMIMUS)  +  TFRMC) 

IfRmd  =  C.O 
nn  4 ■>  j=i .  j?f  act 

45  T  FRMP  =  Trqwp  +  C  ( 4 , J ) » X SURM ( M ONr , N » J ) 

SPR I M?  (  MONF  )  *•  PHI  (MONF  )*(  F  IL  PFL/DC  >**?*<  C  <2  » 1)  +  TFRMD) 

C  NON-FDDY  RADiAL  CONDUCTIVITY 

50  SPR I M  3  (1)  =  ( V ( ]  ♦ 1 ) *  T  SUBF (  1  »  N  ,  ]  )+V( 1  *  2 ) *T  SUBF ( 2  »N  *  1 )+V( 1*31* 

1  TSUBF ( 3,N , 1 M *XI STAR ( 1) 

DO  5 1  1=?.M 
I  M  I  M U 5  =■-  I -I 
I  PLUS  =  1  +  1 

51  SPR !  M'3  (  1  )  =  (V<  I ,1 i*TSUBF ( IMINt  S,N, 1 )+V< I »2 )*TSUBE( I ,N,1 ) +V< I  ,3 ) » 

1  TS  IE (  I  PLUS, N. 1 )  ) »X I  STAR ( 1  ) 

5  2  SPRIM3I MONF  )=  ( V(MCNE . ]) *  TSUBE (MMINUS.N, 1 > + V ( MONF , 2 ) * TSUBF ( M »N , 1  1  + 
1 V ( MONE  *  3 ) *  T  SURE  (MONE  *N.l  )+V(MTWO,l ) / DC*F I LDF L ) *X I  ST AR ( MONE ) 

C  RADIAl  VARIATION  IN  CONDUCTIVITY 

SPR  I M4  (  1  )  =  0.0 
DO  60  I  =  2  »  M 

60  SPRIM4CI)  =  VrOIII  *  t  TSUBF  <  I  +  1 »  N* 1 ) — TSUBF ( I - 1 *N  » 1 ) ) * ( X  I  STAR (I + 1  t - 
1  XI  STAR ( 1-1  )  ) 

61  SPR I M4 ( MONE I  =  VC0(M0NE)*(1.5*X1STAR( MONF ) -  2 . 0*X I  STAR ( M )  +0.5* 
lXISTAR(MMINUS) ) *F 1 LDFL /DC 

DO  70  1=1, MONF 
C  FINAL  SOURCE  TERM 

70  ST ! I  - 1 '  -  ( 1.0/CP( I ) ) *< SPRIMEC n  +  SPRlM2< I )  +  SPRIM3( I )+SPRIM4{  I ) ) 

100  RETURN 
END 


SI8FTC  RATE 

SUBROUTINE-  RATE 

C  SUPPLIES  REACTION  RATF  CALCULATIONS — SPECIFIC  FOR  FUEL.  THIS 

C  ROUT  INF  FOR  MCH. 

COMMON/ALL/  CROSS*.  GBAP,  HI,  HM,  JREACT,  JRFRUN ,  ICC ,  KVPR1M,  M, 


2  T  BARE  (3*1),  TREFR  ,  TPRIMEO)*  TSUBE ( 12 »3 , 1 ) ,  VU3.3).  UM(12,3), 
3UTI 12,3) »  XBARM (3,3) ,  XSUBMI 12 , 3 ,3 » ,  Y,  2LENGT,  ZM 
COMMON  /XESEA/  AF,  BARMC,  BTUPPO,  DP,  E»  EPSILN,  EPSILR,  F^ARGE, 

1  G»  GAMA,  H,  HC,  HF,  HP,  HW,  INDFXT,  IPSUP,  KINT,  NPR ,  NPROC * 

2  NPROP,  NSS  *  N  S  T  E  P  »  PE,  REACTR,  RGAS ,  ZK.F ,  ZKS,  ZMU 
COMMON/XFIND/  A(10),  ANAME (2*10) ,  ARATE<6),  B ( 1 0 )  ,  BR ATF  <  6 )  * 

1 C  (  5 , 3  )  »  CRA  TF(  6  ) »  DATPR0U1),  DFLTAUO),  FQ(3,2>,  F(10>,  P(3)» 

2  PROF { 1 0 , 5 )  ,  PS  I ( 3 ) ,  QO  <  3  )  »  S<10,3),  SR(12»3),  ST  « 12  *3 ) * 

3  TPR I  NT ( 10,1001 ,  X  I ( 3 )  ,  ZBIGMI10) 

DIMENSION  CEFiiOj,  YXiiOi*  TSURFili),  TDtLTiiii 


PAT  =  PIN)  /2 I  20. 

C  CALCULATE  MOLF  FRACTIONS 

DO  9  1=1 , MONE 
DO  10  K=1,KC 
XNUMF  =  F<  *  ) 

XDFNO  =  1.0 
DO  11  J=l, JREACT 
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XNt.'Mf  =  XNUMF  +  S ( K , J > * XSURM ( I , N , J )  part  I 

11  XDFN0  *  XDFNO  +  DFLTAI J)*XSUBM( I,N, J) 

10  YX  (  K. )  =  XNUME/XDEO 

GROUP  =  {  V >: »  2  »  *  *  }  i  »  i  PAT  *•»  3  ) 

XKGR]  -  YX(  3  ) /YX  (  1  )  *GROUP 
XX  GR?  =  YX5  ft  )  /yx  t  5  >  *GROUD 
C  0FG1N  ITERATION  FOR  SURFACE  TEMPER A TURF 

r*  f  rxx t~\  i  r  »\  r  *  ♦  »  t  i  »  <•  %  >  »»  a 

o  •  v.  cjr'ir  -  i  i  t;r  l  t  t  i  >  i  v.  lji***''  t  /  c*  kj 

TSURF(I)  =  TRFFR  +  T5URF ( I ,N. 1 )  +  TCOMP 

GR?  =  P<N)/(GAMA*RGAS*TSURF<  I)  ) 

CEE ( 1 )  ~  GR2*YX ( ] ) 

RT  =  1.787*  TSURF (  I ! 

R KRC  =  ARATF  (2  )  *FXP(  BRATE  (  21  /RT  )  «CEE  (  1  ) 

RATER  =  ARATFl  1  )  *FXP (  BRATE ( 1) /RT) 

XKEG1  =  EQl 1*3  ) *  F  X  P  {  E  Q  (  1  *  2  )  /  R  T  ) 

RFQ1  =  1.0  -  XKGR1/XKEQ1 
C  KATE  OF  MCH  TO  TOLUENE 

SR (  !  *  1  )  -  ( 1 ,0-FPS ILN )*RFQ1*RATFK*RKRC/ ( 1 .0+RKRC ) 

T  DEL  T (  I )  =  -C0( 1 )*SR< J , 1 )*DP/< < 1.0-EPSILN)*HP*6.0) 

1 F( ABS( TCOMP-TDELT ( 1 ) ) .GT . 1.0 )  GO  TO  8 
I F ( JRBACT.FQ.l '  GO  TO  22 
C  RATE  OF  CRACKING 

SRI  1*2)  =  (  1 .-EPSILN) *( CEE ( 1 )  ) *ARATE ( 3 )*EXP( BRATE ( 3 ) /RT ) 

IF! JRFACT.FQ.21  GO  TO  21 

XKE02  =  EQ( 3 , 1 ) *EXP I FQ<  3*2)/RT  ) 

REQ2  =  1.0  -  XKGR2/XKEQ2 
C  RATr  OF  CH  TO  OENZFNF 

SR( I , 3)  =  ( 1.-FPS1 LN )*GR2*YX( 5 ) * ARATE ( 4 ) *EXP ( BRATE ( A ) /RT ) *REG2 
GO  TO  9 

22  SRI  I  .21  =  0.0 
21  SR  II, 3)  =  0.0 

9  CONTINUE 
100  RETURN 
END 

51BFTC  RE AX 

C  SUPPLIES  DATA  PCRT I NENT  TO  REACTION  AND  REACTANTS— SPEC  I F I C  FOR 

C  FUEL.  THIS  ROUTINE  FOR  MCH 

r*  i  n  i-i/  rs  *  t  » 

Dt  UV  IV  u  M  «  M 

CGMMON/Al  L /  CROSSK  »  GBAR.  HT »  HM»  JRFACT,  JRERUN  *  KC  ,  KVPRIM,  M* 
1MMINUS.  MONE.  MTWO,  N,  NPL.US,  OMFGA.  PHI<12!*  R,  SIGMA!  12). 

2  T  BARE (3*1)  *  TREFR.  T  PR  I ME  I  3 ) *  T SUBE <  1  2 » 3 , 1 )  ,  V<13,3),  UM(12.3). 
3UT ( 12  *  3 ) ♦  XBARM (3*3)  »  X SUBM ( 1 2 , 3 , 3 ) *  Y,  ZLENGT,  ZM 
COMMON  /XESEA/  AF,  BARMO,  BTUPPCJ,  DP,  E»  EPSILN,  EPS  I LR ,  FLARGE, 

1  G*  GAMA,  H,  HC>  HF,  HP,  HW,  INDFXT,  IPSUP,  KINT,  NPR ,  NPROC » 

2  NPROP,  NSS,  NSTFP*  PF ,  REACTR,  RGAS,  ZKFv  ZKS,  ZMU 
COMMON/XFIND/  A(10),  AN AME (2,10) ,  ARATt  <  6) »  B(10),  BRATFI6), 

1 C ( 5 , 3 )  ,  CRATE ( 6 ) »  DATPRO(ll).  DFLTA(lO),  FO(3,2),  F(10),  P(3), 

2  PROF (10,5)  ,  PS  I ( 3  j  »  QO ( 3  >  »  5(10,3),  SRI  12*3),  ST(12,3), 

3  TPRINTI 10,100)  ,  XI  (3),  ZBIGM(IO) 

C  HFAT  CAPACITIES  AT  TREFR 

DATA  A/  79.1,  7.099,  55.9,  79.1,  67.33,  AS. 41,  4*0.0/ 

C  temperature  COEFFICIENT  OF  CP 

DATA  B/  0.0363,  0.00272,  0.0238,  0.0363,  0.0302,  0.0169,  4*0.0/ 

C  MOLECULAR  WEIGHTS 

DATA  ZB IGM/98. 189,2.016,92. 141 ,98. 189,84. 162 ,78. 114,4*0./ 
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Part  I 

C  STOICHIOMETRIC  FACTORS 

DATA  S/-1.0*  3.0,  1.0,  7*0.0.  -1.0.  2*0.0,  1.0,  6*0.0,  0.0,  5.0, 

1  2*0. n,  -1.0,  1.0,  4*0.0/ 

C  EQUILIBRIUM  PARAMETERS 

DATA  E0/  4 . 0 F?0  ,  0.0,  4 . 0  E  2  0 ,  -97500..  0,0,  -93900,/ 

C  HFATS  (IF  REACT  I  ON 

DATA  00/  9?  SOO,  ,  0,0,  93900./ 

DATA  7KS ,  FPSHR,  TRFER/  0.  130,  0.3,  1460./ 

C  NAMFS  OF  COMPONENTS 

DATA  ANAMF/120H  MCH  HYDROGEN  TOLUENE  C7  ISOMER  CYC 

1L0HFXANF  BENZENE 

2  / 

data  A.RATE/  7.5  E 1 2 »  4.5  E-8,  1.4  E7,  3.25E8,  2*0.0/ 

DATA  BRATF /  -59000.,  54000..  -30000.,  -27000.,  2*0.0/ 

END 

SIBFTC  FXCCJ 

SUBROUTINE  FXPCFO(UMUT) 

C  CALCULATES  CONSTANT  COEFFICIENTS  USED  IN  AXIAL  STEP 

COMMON/ALL/  CROSSK,  GBAR,  HT,  HM,  JREACT,  JRERUN,  KC,  KVPRIM,  M» 

1  MM  IN US ,  MONE,  MTWO,  N,  NPLUS,  OMEGA,  PHI(12>,  R,  S  I OMA ( 1 2  j  » 

2  T BARE (3,1) ,  TREFR,  T  PR  I MF  <  3 ) ♦  T $UBE U 2*3 » 1 ) .  V<13,3),  U“<12,3J, 
3UT<12,3),  XB ARM (3,3) ,  XSUBMI  1 2 , 3 , 3  )  ,  Y»  l LENGT ,  2M 

DIMENSION  UMUT t 12,3) 

UMUT (1,1)  =  1.0  -  ( 1.5*OMEGA*2M*CROSSK) 

UMUT (1,21  =  2. 0*OMFGA*2M*CROf SK 
UMUT 11*3)  -  — OM  F  GA  *  2  M  *C  RO  S  S  K / 2.0 
DO  10  I=2«M 

FI  =  I 

UMUT (1,1)  =  CROSSK/ 2 . 0 *7 M*(2.0* FI-3.0) *OMEGA 
UMUT ( 1,2)  =  1.0  -  2. 0*CR0SSK*ZM*( FI-1.0)* OMEGA 

10  UMUT (1,3)  =  CR0SSK/2.0*2M*OMF&A*c2.0*FI-1.0) 

11  UMUT ( MONF , 1 )  =  -0MEGA*CR0SSK* (ZM**2  )/2.0 

UMUT ( MONF , 2 )  =  4. 0*OMEGA*CROSSK« ( ZM**? ) 

UMUT ( MONE »  3 )  =  1.0  -  < C ROSSK*OMFGA*3 . 5* ( ZM**2 ) ) 
f  2  0  y  -  CROSSK/GBAR 

1  F ( KVPR i M )  12*100,1? 

12  UMUT ( MTWO, 2 1  =  HT *CR0SSK*0MEGA* (1.0  +  3.0*ZM) 

100  RETURN 

fnd 

SIBFTC  FXPL 

SUBROUTINE  EXPLIC (YXT  »UMUT ,SRST  ) 

i  c  AXIAL  STEP  -  ARGUMENTS  DISTINGUISH.  CONVERSION  FROM  ENTHALPY 

COMMON/ALL/  CROSSK,  GBAR,  HT,  HM,  JREAC T ,  JRERUN,  KC ,  KVPRIM,  M, 

5  IMMINUS,  MONE,  MTWO,  N  *  NPLUS,  OMEGA,  PHI (12),  R ,  SIGMA(12), 

2  T  BARE (3,1)  ,  TREFR,  TPRIME(3),  TSUBE ( 12 , 3 , 1 )  ,  V(13t3),  UM(12,3>, 
f  3UT( 12,3) ,  X BARM (3,3)  »  X SUBM( 1 2 » 3 , 3 )  ,  Y,  ZLENGT ,  ZM 

f  DIMENSION  YXT (12,3,3)  ,  UMUT(12,3),  SRST(12,3) 

;  IF( KVPRIM)  11,10,11 

i  10  L  IMIT  =  JREACT 

?  WALL  =  0.0 

I  GO  TO  12 

11  LIMIT  *  1 

WALL  =  UT(MTWO,l )*(TPRIME(N)  -  YX T ( MONE , N , 1 ) ) 

12  DO  13  J  =  1  .LIMIT 
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Part 

YXT  (  1  *NPlUS»J>  -  UMU  T  (  1  ,  1  I  *  Y  X  T  i  j  »  N  ,  J  >  +  ua:  i  T  (  1  ,  ?  *  YX  T  (  ?  ,H  .  J  ) 

1  *UMUT  (  1  *  3  )  *YXT  ( 3  ,N,  J)  +  Y«SRST<i,J) 
r- .  i4  i  =  ?  ,m 
i  MINUS  -  I  -  1 

i plus  =  :  i 

14  YXT! I .NPLUG.J)  =  ! JMUT i  I , 1  » « v\ T i  i r j NUS , N . j )  +  UMU M f , 2 ) * YXT < ! , N , J ) 

1  +IIMUT  (  I  ,  M  *  YX  I  •  i  f  LU4  ,M  ,  J  )  4  Y  #  s  R  S  T  <  I  *J) 

IT  YX  r  (  MONT  ,  NPLIiC  ,  .j  (  =  1  (Ml  IT  (  MHNr  *  1  )  «  Y X  T  (  MM  ]  NILS  *  N  t .  <1  »  IIMUT  (MONT  ,?!* 

1  XXT{M,fi,J)  f  UMUT  (  MONT  .  3  )  *  YXT  (  NMNE  ,N,  J  >  +  V*  SR  ST  (  MONF  *  J )  +  WAt  L 
100  RFTlJPN 

FND 

SIBFTC  COOL 

SUBROUTINE  COOLfX 

C  SUBROUT  I Nf  DOFS  ONE-D I MFNS I ONAL  INTEGRATION  OE  P  AND  COOLANT  TFMP 

COMMON /ALL/  CROSS* ,  GB A R ♦  HI,  HM.  JRCACT,  JRERUN,  KC ,  KVPRIM,  M. 

] MM I NUS »  MONF,  M TWO  *  N,  NPLUS,  OMFGA .  PHI (12),  R,  SIGMA! 12 ), 

2  T  BARF  (  3  »  ]  )  »  TpfFR  »  T  PR  IMF  (  3 )  ,  TSURF ( ] 2,3 » 1 j ,  V!13*3),  UM<12»3), 

3  U  T  <  1 2 , 3  )  »  X  BARM  n,3)  »  X  SUBM(  12*3*3)  ,  Y,  ZLFNGT,  7M 
COMMON  /  X  E  v  E  A  /  AF  *  RARMO,  pn.iPPP,  pP,  C»  rPSjLN,  FPSILR,  FLARGF, 

1  G?  GAMA,  H,  HC ,  HF,  HP.  HW ,  INDFXT,  IPSUP,  KINT,  NPR,  NPROC , 

2  N  PROP «  NSS ,  NSTFP,  PF,  RFACTR ,  RGA  S »  ZKF,  ZKS  »  7  MU 
COMMON/XFIND/  A<lO,  ANAME(2,10I,  ARATF  <  6 )  »  B  >'  1 0  )  »  BRAT  F  (  6  )  , 

1C  (  5 , 3  )  ■  C  R  A  T  E  (  6  )  *  DATPRO(ll),  DFLTA1  10)  »  EQ<3«2),  F(10),  P(3). 

2  PROF ( 10,5) ,  PS  I ( 3 ) »  00(3),  S ( 10,3)  •  SR<12»3),  ST(12»3)» 

3  TPRi  NT ( 10,100)  ,  XI  (3)*  ZBIGM(IO) 

Z2FL.EN  =  Z!  ENGT  +  CROSSK 
I F( INDFXT, F0.4 )  GO  TO  IS 

C  COOLANT  tFMPFR ATURF  CALCULATION 

IF! INDFXT. FO. 2)  GO  TO  20 
IF( NPROP.FQ, 1 )  GO  TO  10 
PROLFN  =  1 1 ELF N  -  PROF ( NPROC,  1  ) 

F  PROP=  PROF ( NPROC ,2 )  + PROLFN*! PROF (NPROC, ?)  +  PROF! NPROC ,4 ) * PROLFN ) 
IF(ZZFLEN.GT.PROF(NPRCC,S j )  NPROC =NPROC+l 
12  IF! INDFXT. FO. 3)  GO  TO  30 
11  TPRIME (NPLUS)  =  FPROP 
GO  TO  40 

10  FPROP  =  DATPRO! 1 ) 

GO  TO  12 

30  TPRIMF(NPLUS)  =  FPROP/h  +  TSUBE ( MONE , NPLUS , 1 ) 

GO  TO  4 0 

20  TPRIMF(NPLUS)  =  TPRIME(N)  +  F  *  <  T  SU  B  F  <  MON  F  »  N , 1 )  -TPR IME { N )  ) 

C  CALCULATE  MEAN  TFMPFRATURE  AND  CONVERSIONS 

40  KVPRIM  =  0 

CALL  AVERAG! XSUBM.XBARM ) 

KVPRIM  =  1  i 

CALL  AVERAG! TSUBF ,TBARF)  | 

C  PRESS'JRF  DROP  CALCULATION  * 

IS  SM  =  0,0 

DO  14  J=  1 , JRE ACT 

1 4  SM=  SM  +  DELTA! J > *X8 ARM ( NPLUS * J ) 

P ( NPLUS 1  =  P ( N )  -  ( F LARGE /P( N ) )  *DS  I ( N ) 

c  test  for  prcSsurf  -  termination  on  negativf  pressure 

IF! P( NPLUS ) »GT. 0.0 )  GO  TO  60 
WRI re ( 6,1000)  ZZFLEN 

1000  FORMAT ( 1 HO , 24X » 8HZF A  I L  =  E15.8/25X,  2 4HTHE  PRESSURE  IS  NEGATIVE/ 
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Fftrt  I  1  25X.  1PHTHIS  PROBLEM  ENDS  IN  SURPOU  T  i  t{F  C  OO)  f  X  /  ?  r  '<  ,  Oflinnf  NF<T  A 
?FT  OF  DATA  WILL  Lf  PPOCESSLl'  ) 

J  K  !•  K  U  N  -  i 
go  to  ic >r. 

60  PSHNPLUS)  -  [ TRARF ( NPLUS, 1 1  f  T  Rf  F  ;}  \  *  <  ]  .  0  +  AM  ) 

100  (5 F  turn 
fnd 

MBFTC  AVRG 

SUBROUT  INF  AVFRAf.f  YX  T  .  v.xTRAR) 

C  C  ALCUL.xTFS  RAO  i  A!  AVFRAGF  S  .  ARGl  IMF  NTS  DI *  rTNGUISH  TF  MP  FROM  CONV 

rRMMiiM,  ALL/  GROSS*.  ,  GHAR  ♦  HI.  HM*  JR[AlI.  jRl  RUN.  KC  *  KVpRJM*  M, 
1MMNUS,  MON!*  MTWO.  N«  NPLUS*  OMFGA  *  Fill  (175.  R  <  S  I  GMA  (  \  ?  )  , 

P  T  BARE  (3*1),  TRlFR,  TPRIME*'3).  T  SUBE  (  1  2  *  3  .  1  >  ,  V<13,3),  JM<’2,3), 
3UT<12*3),  XBARM ( 3  ,  3 )  •  XSUBM< 12 , 3 *3  )  »  Y *  ZLENGT,  2M 
DIMFNSION  YXT{  12,3,3)  «  YXTBAR(3.3> 

1  F  (  KVPRIM  )  10,11*10 

10  YXTRARfNPLUS,] )  -  0,0 
DO  ?0  1=  1  * MONF 

20  YXTRAR  t  NPLUS,  1  )  -  YXTRARf  NPLUS*  1)  +  S I GMa ( I ) * YX T ( I , NPLUS » 1 > 

GO  TO  100 

11  DO  21  J=l, JRFACT 

YXTBA R ( NPLUS  *  J )  =  0,0 
DO  21  1-1, MONF 

21  YXTBARl NPLUS »J)  =  YXTBAPt NPLUS* J)  +  S 1 GMa ( I ) * YXT ( I , NPLUS * J I 
100  RETURN 

FND 

SIBFTC  COM? 

SUBROUTINE  COMPOS 

C  CALCULATES  COMPOSITIONS  AND  ENTHALPIES  FOR  INTERMEDIATE  PRINTOUT 

COMMON/ALL/  CROSS*,  GBAR.  HT»  HM,  JRFACT,  jRFRUN,  KC ,  KVPRIM,  M, 
1MMINUS,  MONF,  M T WO ,  N,  NPLUS,  OMEGA,  PHI (12),  R,  SIGMA(12), 

2  T  BARF  <  3  t 1 )  ,  TREFR,  TPR  IMF  <  3 ) «  TSUBF (12,3,1),  V(13,3),  UM (  1  2 , 3 )  , 

3  U  T ( 1 2  »  3 ) ,  XBARM (3,3)  *  XSUBM( 12 , 3 , 3 )  ,  Y*  ZLENGT,  ZM 

COMMON  /XESFA/  AF,  BARMO,  BTUPPO,  DP,  E>  EPSILN,  EPSILR,  FLARGE, 

1  G.  GAMA,  H,  HC*  HE,  HP,  HW,  INDFXT,  IPSUP,  K l NT ,  NPR ,  NPROC* 

2  NPROP,  NSS,  NSTFP,  PE,  REACTR,  RGAS,  ZKF,  ZKS,  ZMU 
COMMON/XF 1 ND/  A ( 1 0 ) *  ANAME(2,lO),  ARA  TF ( 6 ) ,  B<10>,  BRATE ( 6 ) » 

1 C  <  5 , 3  )  ,  CR  A  T  E  (  6  )  ,  DATPRO(ll),  DEL.  TA(  10)  ,  EQ<3,2),  F  <  10)  •  P<3), 

?  PROF (10,3) ,  PS1(3>,  00(3),  S(10,3),  SR(12,3),  ST(12,3), 

3  T PR  I Nl  < 10,100)  ,  XI  (3),  ZblGM(lO) 

DIMENSION  YRAR(IO),  ZBAR(IO) 

SUM2  =  0,0 

DO  10  J=1 , JRFACT 

10  SUM2  =  SUM?  +  DFLTft! J) *XBARM< NPLUS,  J' 

P  BAR  =  1.0  +  SUM2 

DO  12  K  =  1  ,(CC 

S  UM 1  =  C.O 

DO  11  J  =  1, JRFACT 

11  SUM]  =  SUM1  +  S ! K , J ) *X B A RM ( NPLUS » J * 

Z  BAR ( K )  =  F ( K )  +  SUM  1 

12  YBAR  (  K )  =  Z  BAR  (  K  )  /  PBAR 
ENTHO  *  0.0 

C3JX  =  C(  1  ,1  ) 

C4JX  =  C (2 , 1 ) 


DO  3  0  ACT  AFAPL-TR-t ' -114 

C  3 J  X  =  C ?  J  X  +  C ( 3  ,  J ) « X  BARM  < NPLUS  »  J  )  Parti 

COX  -  C4JX  +  C  (  4  .  J )  *XBARM(  NPL US  ♦  J  ) 
cniTKO  *  FNTHu  +  GO t j ) *XHA RM ( NPLUS » J ) 

BTUPP  =  ENTHO/BARMO  t  (  C3  JX  +0  .  S  *  C4  JX*  TBARE  (  NPLUS . 1  \  )  *T BARF  (  NPL  US  t 
1J/BAFMO  •-  B Tl.'PPO 
IF< IPSUP.EQ.l)  GO  TO  99 


r  rom  compos  *  1  o  x , 


1  cop  format  ( i  ho  ,?ry.  tohpr  t  n  Tout 
5  F  6  »  ?  *  2X  ,  6HBTU/LB  ! 

WRITF  (6,1001) 

1001  FORMAT  (  1H  ,SX, 

1LE  OF  FFFD  ) 

DO  ?0  (C  »  1  »KC 

WRI'.'F  (6,100,?)  Kt  YRAR'K),  ZSAR(K) 
FORMAT  llH  ,  5X »  16,  7X  »  ?(6X,  E16.8)) 
SETS  UP  DAY A  FOR  FINAL  TABULAR 
KINT  =  FJNT+1 


’hhfa:  added,  ax. 


2  0 

100? 

99 


8HCOMPOUND  »12X,13HM0LF  FRACTION,  7X  ,  19H  MOLES/ MO 


PRINT 


100 


J  =  KINT 
T PR  I  NT { 1 » J ) 
IPRINT(?,J) 

T PR  I  NT (3. J) 
TPRJNT (4,J) 

T  PR  I N i ( A  ,  J  ) 
TPR I N  T ( 6  ,  J ) 

T  PR  J  N  T ( 7 , J ) 
TPR I  NT ( 8 , J  5 
T  PR  I  NT ( 9 , J ) 
TPRINTtlO, J) 
RETURN 
END 


ZtENGT  +  CROSS* 

PTUPP 

T BARE  I NPLUS » 1  )  +  TRrFR  - 
TSUBF (  1 «  NPLUS , 1 >  +■  TRFFR 
TSUBF ( MONF , NPLUS *  1 >  + 
TPRIME (NPLUS)  +  TREFR 
P ( NPLUS )/ 144.  -  14,7 
XBARM ( NPLUS  » 1 ) 

XBARM ( NPLUS, 2 ) 

-  XBARM ( NPLUS, 3 ) 


460. 

-  460. 
TR£FR  _  AfcD. 
-  460. 


t 


Ik 


-/✓ 
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ilP.F  re  f  XI  :1 

c  this  vr r.*i r on  for  cartesian  c hop p.  i  n  a  t  r  » 

.  JxiR'-i j  !  ;  fj r  r  >.  PCFO  f  t ,'M ! 1  T  1 

CAECl't  ATrf.  'ONGTANT  '"?TF  ]  r  1  rNT  <-  ecru  jn  a  x  |  a  fc  KTF  r' 

,■  flMMON  '  At.  L  /  rPOSSk.  f.P  '  R  »  Ht  *  MM,  JRFAC  T  ,  JRFRUN.  KC  ,  KVPRlM,  M 
MMjtyjtr,,  W'NF  ,  K'fwn,  N.  NPLt>f  «  0MTGA  »  PHI ( 12  > ,  R.  5  1  GH  A  (12)  * 

B  A  K  ‘i  i  A  •  1  3  *  I  R  E  r  *  I  PRIME  (  3)  ,  T  SUBF  (  1  2  ,  3  >  1)  ,  VI  13*3)  •  L>M  i  1  2  »  3  )  » 

11!  T  (  1  2'  *  3  »  *  XnAKM  (  1  ,  3  ;  ,  \  SUB  M  (  1  7  *  3  »  3  !  >  Y 7l  TNG  7*  7M 

!  Mr  x;  <  >  ■’  ,  <  i**i  .  t  (  ]  ■?  ,  -*  ) 

;*  M  Q  Q  zi  M  *  •*  > 

L  ni  I  i  uM  r  I  ?  A  **  <,  R  05,  .S  R  *  7.  r*  5*  51  /  4  •  0 
'  •  v  i  T  t  i  }  i  .  , ■  -  . ,  >  1 1 N  j  t 

M  U  !  (  i  .  )  -  U  .  0  *  i  '■  N  [  t 

i!M:  -(].“)  -  .  S*IJN  I  T 

r  i  c  i  =-  r ,  m 
'  *MUT  (1*1,  =  UN  I  7 
UML$?  (1,2)  -  1.0  ■  2  .  '",*1  i N  I  1 

j  '  UM!  J*  j  \  t  3  \  -  |Jfg  ]  t 

1 1  uyiJT  (  monf  *  i ;  =  -un  11/2.0 

1IMUT  (  MON[  *  7  )  =  4  •  0 * ! ) N  I  T 
UMU  T  1  MONF  ,  3  )  -  1.0  -  3  .  5  «  UN  I  T 

20  Y  CROSSK/GRAR 

IF(KVPKIM)  12,100,12 

12  MT  (  MTWO  ,  2  '  =  6.0*UNIT*HT/ZM 
100  RFTURN 

FND 

SiBFTC  SRCO 

C  THIS  VERSION  FOR  CAR  TES 1  A  -  COORDINATES 

SUBROUTINE  SRC OFF 

C  CALCULATES  CONSTANT  coefficients  used  in  enthalpy  SOURCE  term 

common/all/  CROSS'S  ,  GBAR,  HT ,  HM,  JREAC  T ,  jRERUN,  KC  ,  KVPRIM,  M 
1MMINUS,  MONF ,  MTWO,  N,  NPL.US,  OMEG' »  PHI  (12),  R,  SIGMA!  12), 

2  T  BARE  (3*1>  *  TREFR*  TPRIMEO),  T  SURE  (12,3,1)  ,  V  (  ].  3 , 3  )  *  UM  t  12*3)  » 

3  U  T ! 12,3) ,  X  RA  RM ( " , 3 )  ,  X SUBM ( 1 2 , 3 , 3 )  ,  Y,  ZlENGT,  ZM 
C OMMON  / F  OR  S  OR /  VC  0 ( 1 3  ) 

DO  10  1=2, M 

10  PH!(I)  =  OMFGA*ZM*ZM«-r, BAR/16.  0 
PHI (MONF)  =  OMEGA* (HT**2 ) *GBAR 
ZMOR  =  ( 7  M / R ) *  *  2 

V  (  1  ♦  1  )  =  -3 . 6* ZMOR 

V  (  1  »  2  )  =  4.0  *7  MOR 

V  \  1  *  n  »  r-  —  ■*'i  *  •"«  ir  /  WmP 
DO  li  1=2,,* 

V  (  I  ,  1  )  =  7.  MOR 

V  (  I  ,  2  )  =  -? . 0*ZMOR 

11  V  (  I  ,3 )  =  ZMOR 

V  <  MONF , 1 )  =  -0. 5*ZMOR 
V( MONE.il  =  4.0  *7 MOR 

V ( MONF , 3 )  =  -3.5  *  ZMOR 

V(Mrwo.l)  =  6, 0*HT *7.MOR/7M 
DC  1?  I=?,m 
1?  VCO( I)  =  ZM0R/4.0 

VCO'MONF)  =  2. 0*HT*?M/R#*2 
100  RFTURN 
END 
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Table  7 6,  IOHXTIOH  DSlAfS  FOR  EmLBHE-CgnrCilM-ARGOW  MDCTORES 


Note:  ER  is  the  equivalence  ratio;  the  actual  fuel/oxygen  ratio 
divided  by  the  stoichiometric  fuel/cxygen  ratio  (taking 

r  o  nmVino  +  n  nrt  \ 


__n  r*n. 

J<a;v  OA1U  aw  tutu 


N  "  no  ignition  detected  D  “  apparent  detonation 


Press. 

_  .  ' 

ps^a 

Temp, 

°K 

1 

Dalay, 

nsec 

— 

Press, 

psia 

Teir<p, 

SK 

Efclay, 

usee 

_ 

Press, 

psia 

Teiqp, 

“K 

Delay, 

tisec 

Argon,  99v*n;  ZR  m  0.2  j 

9-2 

3.3 
8.6 
9.6 

7.9 

8.3 

8.9 

1281 

1213 

1293 

1419 

1235 

1146 

1352 

1162 

3295 

1005 

517 

1244 

1825 

767 

15.0 

15.6 

14.9 

14.8 

14.5 

14.7 

1281 

1352 

1>40 

1213 

1141 

1104 

534 

478 

445 

804 

1211 

1800 

24.3 

24.4 

24.5 

26.5 

23.6 
24.5 

— 

1210 

1253 

128.1 

1174 

1114 

1119 

358 

40  ,* 
345 

764 

1263 

1208 

Argon,  99^m;  ER  "  0. 5 

9.0 

8.6 

9.2 

8.8 

8. 6 

1309 

1303 

1405 

1211 

1173 

603 

632 

355 

1395 

1965 

14.6 

14.5 

14.5 

14.5 

14.6 

1263 

1303 

1206 

1135 

1167 

24.6 
24.9 
24.0 
24. 4 
24.1 

1251 

1234 

1151 

118c 

1102 

313 

375 

1159 

616 

2340 

Argon,  9SA»;  ER  -  1.0 

8.5 
8.4 

8.6 
9-4 
9-3 
5.1 

1232 

118? 

1301 

1421 

1397 

1373 

2120 

2720 

1172 

>25 

387 

533 

15.0 
15.1 
14.9 
15.0 
14. 6 
14.4 

1337 

1319 

1244 

1278 

1176 

1144 

320 

345 

1000 

556 

1730 

2621 

24.8 
25.0 

24.9 
24.3 
24.1 

■sa 

H 

754 

349 

936 

1720 

2500 

(  - 1 

Argon,  S'O/in ,  ER  *•  0.1  | 

9.1 

8.4 

8.9 

8.8 

8-9 

8.9 

8.8 

1152 

1066 

1121 

1116 

1126 

1106 

1071 

>575 

2145 

1030 

1063 

1035 

1252 

2030 

15.3 
14.  i 
14.6 
15.3 
14.8 
15-2 

1126 

1091 

1086 

1126 

1056 

1032 

387 

956 

1018 

518 

1480 

2435 

25.0 

25.5 

24.5 
23.O 
24.0 
23.9 
24.2 
24.1 

1137 

109C 

1091 

984 

1032 

1046 

1081 

trioA 

259 

893 

957 

N 

2120 

1695 

1020 

ftOQ 

(Continued) 
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Table  76  (Contd).  IGWITIOM  DELAYS  FOR  KThTLEKE-CiXYGEN- 
AROC&J  MIXTURES 


FS^eic 
'  -  — ■ —  / 

psl& 

TVkr.w 

*K 

iA&*1  a\r 

yiaeu 

Pvu*  n  0 

»  Uk’U  ^ 

psia 

T*»nm 

*wl0r; 

•K 

n.i .... 

^tsec 

D**a  r* 

* j 

pfiia 

J 

’K 

rv%i  *.■** 

> 

\mec 

1 

Argon,  90?to;  ER  *  0.2  j 

10.3 

9.2 

8.4 

9-1 

10.0 

10.3 

10.2 

1174 

1023 

981 

1072 

1163 

1184 

1153 

264 

2755 

N 

l6p8 

461 

264 

394 

I6.0 

15.9 

15.9 

15.0 

15.8 

18.6 

15.6 

1072 

1002 

1102 

995 

1052 

1184 

1028 

767 

737 

452 

2915 

1015 

132 

2165 

25.0 

24.7 

30.2 

22.9 

26.0 

26.6 

107  ! 
1052 

1195 

962 

1072 

1004 

448 

606 

D 

N 

478 

2435 

- - 

Argon,  yO^to;  ER  *  0.5 

9.4 

8.2 

6.6 

9.0 

9.0 

1077 

959 

1005 

1014 

1024 

D 

3100 

2530 

2035 

2170 

14.7 

14.2 

14.4 

968 

963 

968 

3300 

3360 

3045 

23.6 

24.3 

24.2 
22.7 

22.2 
24.6 

972 
99 1 
996 
959 
950 
1019 

3030 

2895 

2395 

3350 

3275 

2420 

Argon,  80 im;  ER  *  0.1 

9.4 

9.4 
9-6 
9.6 
8.1 

8.5 
9-1 
8.3 

- — 

1150 

1115 

1115 

1091 

945 

905 

l?’-9 

980 

278 

552 

621 

924 

A 

3715 

1680 

3730 

15.8 
15- ’ 
15.9 
14.8 
15.6 
15.6 
14.4 

1125 

1002 

1072 

998 

1044 

1049 

989 

277 

477 

542 

2665 

940 

908 

2880 

25.0 

23.9 

24.3 

24.2 

25.3 
22.6 
23-5 
24.1 

1082 

998 

1035 

1039 

1086 

949 

989 

998 

238 

I318 

703 

670 

204 

3370 

124? 

1250 

Aigon,  80>*nj  ER  ■  0.2 

O  T 

8-7 

8.4 

8.3 

'944 

1660 

3910 

— 

sfl 

■ 

90  j 
957 
961 

77 — 
3880 

2720 

3H5 

25.7 

95  r 

1 _ 

34OO 

298 


fJ-APL-TR-67-114 

Part  I 

Table  77.  IGNITION  D3IAYS  FOR  ETHANE-OXYGBil-APaON  MIXTURE 

Note:  ER  is  the  equivalence  ratio;  the  actual  fuel ^oxygen  ratio 
divided  by  the  stoxchionetrie  fuel/oxygen  ra~io  (taking 
H?0  and  COg  as  the  products  of  combustion) , 

N  *  no  ignition  detected  D  *  apparent  detonation 


Press, 

T>mp, 

— 

Delay, 

Press, 

Temp, 

Delay, 

Press, 

— 

Temp, 

psia 

‘K 

usee 

psia 

*K 

usee 

psia 

’K 

Argon, 

90>sn;  EH  -0.2 

9e  9 

1251 

333 

15.7 

1224 

134 

25-4 

1161 

165 

10.1 

1233 

438 

15-1 

1146 

324 

25-5 

1140 

328 

3.9 

1095 

2005 

15.8 

1203 

202 

24.3 

1075 

900 

9.0 

1120 

1370 

15.4 

1140 

689 

24.6 

1100 

643 

8.1 

lo4l 

3170 

16.0 

1182 

?6s 

22.3 

974 

N 

S.4 

107  0 

2530 

15-3 

1120 

313 

24.0 

1050 

2365 

8,8 

1120 

1500 

15.2 

1060 

2550 

24.5 

1070 

1025 

9-9 

1246 

333 

16.1 

1130 

68  7 

Argon, 

GOjom;  ER  *  0,2 

9-5 

1136 

D 

19.2 

1330 

D 

34.8 

1319 

D 

8.7 

1071 

2560 

15.1 

1108 

1192 

25.O 

930 

3200 

3.3 

1025 

N 

17-0 

1161 

286 

22.8 

971 

3450 

8-3 

1029 

3530 

14.7 

1025 

3030 

24.7 

1023 

2075 

9.0 

1099 

1995 

13-2 

1061 

2380 

8.4 

1057 

2960 

Argon, 

90  t 

;k  *  0.1 

9.0 

1199 

660 

14.7 

1204 

331 

24.2 

1151 

542 

9-1 

1236 

367 

15.3 

1209 

265 

24.7 

1133 

329 

8.3 

1146 

1235 

15.2 

1172 

622 

24.2 

1125 

307 

8.7 

1136 

1175 

14.3 

1115 

1290 

23.7 

1085 

1468 

8.8 

1113 

1675 

14.7 

1050 

1463 

23.9 

1045 

2515 

>\  k 

—  *  / 

1065 

2540 

14.7 

'-vT^rv 
<-J  1  ^ 

9-3 

1231 

433 

14.8 

1141 

814 

( Continued) 
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Table  T7  (Cootd-l) 


IQilTION  DIU 
ARGON  MUTDRUS 


press. 

leiqp. 

Belay, 

1 

Press, 

paia 

"K 

_ 

_ - 

psia 

T 

Ten®), 

*K 

r 

Delay, 

nsec 

f 

Press 

psia 

3.7 

1171 

946 

8.7 

1204 

636 

8.4 

1193 

753 

8.6 

1242 

335 

7.9 

1041 

M 

4  4 

S.5 

1118 

1355 

8.4  ! 

1209 

574 

Argon,  EE  “  0,: 


1193  >31 
1204  318 
1160  5S>3 
1128  997 
1103  1241 
1051  2313 


Argon,  80>in,  ER 


Argon,  95#m;  £H  *  0.025 


8.6  | 

1189 

1265 

8.3 

1184 

1138 

3.9 

1278 

646 

8.9 

1313 

587 

9-2 

1383 

363 

8.8 

1189 

1075 

Argon,  9 yjitn;  ER 


i  1 

Temp,  I 

Delay, 

•k 

Msec 

8.2 

1 - — 

1033 

3350 

14.5 

10  99 

860 

24.0 

8.7 

1080 

2520 

14.3 

1104 

756 

24.5 

10.2 

1223 

353 

15-5 

1182 

317 

24.2 

9.8 

1193 

460 

14.8 

1143 

524 

26.0 

11.2 

1312 

183 

15.0 

1118 

693 

23.4 

8.3 

1056 

3040 

15.2 

1099 

825 

23.7 

8.3 

1030 

3495 

16.2 

1128 

1385 

25.7 

11.2 

1259 

289 

15.6 

1109 

759 

25.1 

8*8 

— — i 

10 99 

2410 

14.3 

35.0 

1015 

1071 

— , — _ 

3460 

1088 

633 

24.4 

1222 

- - - - 1 

351 

387 

24.7 

1206 

413 

512 

24.4 

116? 

628 

758 

24.5 

1146 

753 

877 

1238 

23.4 

1088 

1165 

1270 

943 

13.8 

1175 

921 

23.9 

1196 

1304 

G22 

14.4 

1270 

597 

24.5 

1281 

1316 

762 

14.8 

1323 

413 

24.0 

115c 

1376 

544 

15.0 

1190 

862 

22.8 

1062 

1401 

483 

14.5 

1109 

1320 

22.8 

1021 

1185 

1260 

13.7 

1036 

2705 

10S3 

2270 

_ 

Continued) 
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77  (Cpptd-g).  IOWITIOW  DELAYS  TOR  ETHARE-COCYGEH- 
AROOW  MIXTURES 


r- - -* 

Press, 

fata 

Temp, 

*K 

1 - - 

j  Delay, 

usea 

PltSii, 

psia 

Temp, 

*X 

f 

Msec 

1  A 1C6J f 

peia 

i  . 

I  *F. 

> 

1  ~iay,  | 

pjsec  1 

Argon,  99,*int:  ER 

-  0.025 

8.8 

3.5 

6.8 

9.1 

o  o 

3^8 

1276 

1265 

1.353 

1464 

1554 

1452 

18?8 

2000 

1468 

910 

462 

935 

14.7 

15.0 

13-7 

14.9 

14.6 

15.2 

14.5 

1265 

1225 

1169 

1541 

137? 

1502 

1423 

1253 

1365 

1950 

822 

769 

392 

562 

24.8 
24.0 
24.5 
25.O 
25.2 

25.9 

1259 

1180 

1139 

1341 

1390 

1430 

812 

1318 

1342 

573 

482 

388 

Argon,  99?an;  ER 

**  0.5 

3.4 

8.8 

9.0 

9.0 

8.6 

8.6 

— 

1222 

1285 

1350 

1362 

1200 

1161 

1492 

917 

448 

353 

1670 

2445 

14.7 

15.0 

14.7 
14.9 

14.8 
14.8 

1256 

1314 

1273 

1228 

1177 

1124 

722 

318 

441 

84o 

1535 

2190 

24.6 
24.5 
24.0 

25.7 
9*4.4 

1250 

1222 

1177 

1113 

1205 

375 

653 

1230 

2175 

806 

Argon,  9$, V«;  ER 

-  1.0 

3.8 

8.7 
9.0 
3.6 

3.8 
9.1 

1294 

1317 

1383 

L347 

1242 

1237 

12^3 

1055 

420 

706 

2135 

2075 

14.3 

14.9 

14.9 

14.7 

14.8 

1265 

1500 

1329 

1220 

1175 

1008 

541 

594 

1593 

2465 

25.4 

25.3 
25.0 
26.0 

24.3 

— 

125* 

1294 

1265 

1181 

1132 

856 

381 

756 

1855 

3050 

Argon,  90^;  ER 

-  0.5 

8.3 

19  P 

14.3 

8.4 
3.6 

13.5 

8,2 

8.0 

1078 

1  4sO 

1585 

1039 

JO63 

1505 

1030 

1011 

2170 

n 

D 

3730 

3340 

D 

N 

N 

20.5 

ox  n 

•-j'  1 

14.5 

17.3 

15.4 
18.8 

1452 

1  cBr» 

1030 

1173 

1068 

1235 

D 

t\ 

2650 

D 

2620 

D 

37.0 

of.  r\ 

U*T  a  W 

23.7 

25.5 

23.5 

_ 

1487 

997 

IO63 

1001 

D 

» 1.  *- f 

3375 

2260 

3410 

„ _ 

MntMii .  ►  . . . . .  > 
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Table  78.  IGNITION  OEiAI'5  FOR  DECALIN-QXYQBJ-ABGOH  MIXTURES 

Note:  ER  is  the  equivalence  ratio;  the  actual  fuel/o:ygen  ratio 
divided  by  the  stoichiometric  fuel/oiygen  ratio  (talcing 
HgO  and  CO2  as  the  products  of  combustion). 

N  “  no  ignition  detected  D  *  apparent  detonation 


Press, 

Temp, 

Delay, 

Press, 

Teitp, 

Delay, 

Press, 

Temp, 

Delay, 

psia 

“K 

Msec 

psia 

°K 

nsec 

psia 

*K 

usee 

Argon, 

Oo^n;  ER  -  0.1 

8.6 

1133 

■ 

1540 

15.0 

1197 

*93 

25.5 

1197 

143 

3.7 

1182 

925 

14.8 

1162 

670 

25.2 

1142 

632 

9.0 

1233 

505 

15.2 

11.33 

982 

25... 

1157 

423 

3.9 

1240 

239 

14.8 

1080 

2063 

23.  ( 

1042 

2575 

8.2 

1061 

3130 

14.3 

1024 

3360 

25. ; 

1123 

474 

25. 1 

1108 

1055 

22.  t 

1019 

3360 

Argon, 

90,jm;  ER  ”  0.2 

9-5 

1202 

1142 

15.6 

1245 

136 

25.8 

1183 

367 

9.2 

1202 

1176 

15.4 

1171 

666 

25.8 

1155 

597 

9.5 

1245 

577 

13-5 

1202 

553 

25.0 

1105 

2150 

9-7 

1203 

275 

14.7 

1075 

3230 

8.5 

1070 

387° 

16.0 

1176 

668 

n  •> 

1  ~  ✓ 

107  5 

yPsQu 

14  _  1 

1060 

4170 

8.5 

1100 

3390 

16.1 

1181 

635 

iluO 

2673 

302 
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T^ble  79.  IGNITION  DELAYS  FOR  O-WETHYL  DKGA.LIN- 
QXYQEN  -ARGON  MIXTURES 


Note:  ER  is  the  equivalence  ratio;  the  actual  fuel/oxygen  ratio 
divided  by  the  stoicluanetric  fuel/oxygen  ratio  (taking 
H^O  and  C02  as  the  products  of  combustion) . 

N  *  no  ignition  detected  P  ■  apparent  detonation 


Press, 

psia 

Temp, 

•k 

Delay, 

usee 

Press, 

psia 

Temp, 

"K 

Delay, 

Msec 

Press, 

psia 

Delay, 

Msec 

Argon,  9;#m;  ER  *  0.1 

8.9 

3.7 

8.9 

9-0 

8.3 

1259 

1224 

1311 

1333 

1141 

lots 

1363 

556 

381 

3030 

14.6 

14.8 

14.4 

14.3 

14.6 

1253 

1299 

1202 

1174 

1141 

_  _i 

730 

409 

1292 

1680 

2432 

24.6 

24.4 

24.5 
24.0 
24.5 
24.3 

1253 

1276 

1264 

1174 

II69 

1141 

842 

440 

720 

1805 

1930 

2600 

Argon,  90^o;  ER  “  0.1 

.8,7 

8.8 

8.2 

8.6 

9.1 

7-9 

1246 

1198 

I090 

1  \  *rp 

1232 

1115 

336 

10J0 

2950 

1250 

3^6 

2330 

14. $ 
14. 9 
14.7 

14..  a 
14.6 

1209 

1177 

1115 

1095 

1135 

333 

75? 

1810 

2440 

1175 

24.5 
24.2 
24.8 

24.6 

24.5 

1172 

1125 

1193 

1085 

1110 

593 

1428 

364 

256C 

1810 

ATAPL-TR-67-114 
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.  t.  t  _  Q  A 

ioi,e  uw» 


i  n/-»rAr  wrv*r*TT>vc 
-iuxuvn  rliAi  uttw 


Note:  EH  is  the  equivalence  ratio;  the  actual  fuel/ oxygen  ratio 
divided  by  th**  stoichionetric  fuel/ oxygen  ratio  (taking 
HhO  and  CO2  as  the  products  of  combustion). 

N  »  no  ignition  detected  D  *  apparent  detonation 


Press, 

psia 

Temp, 

*K 

Delay, 

Msec 

Press, 

psia 

Temp, 

•K 

Delay, 

usee 

Press, 

psia 

Temp, 

*K 

Delay, 

nsec 

Argon,  99>*n;  ER  *  0.5 

9.0 

5.8 

8.7 
9-1 
8.5 

8.8 
8.7 

1248 

1259 

1271 

1389 

1300 

1353 

1175 

1355 

1390 

1205 

30 

530 

452 

2910 

15.2 

15.1 

14.6 

15.0 

1288 

1333 

11>'2 

1131 

794 

385 

2020 

2358 

24.8 

24.9 
25.2 
25.I 

1248 

1323 

1312 

1231 

1198 

320 

479 

1444 

_ 

Argon,  95,jm;  ER  *  0.1 

8.5 

8.6 

8.7 

8.8 
8.5 
8.7 

ft  51 

1196 

1228 

128k 

1279 

1228 

1251 

1126 

1152 

775 

262 

262 

807 

518 

2260 

14.7 

14.7 

14.8 

14.9 
15.0 
14.5 

1284 

1251 

1234 

1206 

1174 

1110 

I32 

162 

323 

546 

1113 

2246 

rr  n 

24.4 

24.? 
24. 0 
24.6 

L - - 

U56 

1196 

1185 

1131 

_ 

H05 

480 

638 

1729 
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Table  8l,  IGNITION  DKLA.YS  FOR  PROPANE- GXYQSH -apgon  mixtures 


M  -  .  ro  1  _  il.„  _ 1  — _ _ _  *  -  AT _ _ A _ 1  YV  -  ~  1  / _ _ _  J---  _ 

iW  ire  *  JW*  0,0  \*LV£  C^U_L  VOO-tiilUC  i  a  U.W^  Uitt?  HCbliftA  A  UJCA./  UJL^y  £<301  A  O.  LAU 


divided  by  the  stoichiometric  fuel/oxygen  ratio  (taMng 
H?0  and  C02  as  the  produo  te  oi’  combustion) . 


N  ■  no  ignition  detected 


D  *  apparent  detonation 


305 


Press, 

psia 

Temp, 

CK 

Delay,  j 

nsec  j 

Press. 

psia 

- ! 

Temp, 

°K 

Delay, 

nsec 

Press, 

psia 

Temp, 

’K 

Delay, 

nsec 

Argon.  S^'Asn;  ER  “  1.0 

10.1 

8.  1 
8.8 

$.9 

9.0 

8.8 

1307 

1124 

1144 

1255 

I.83 

1173 

_ 

371 

4220 

3885 

1460 

2760 

2760 

15-2 

15-8 

14.9 

14.6 

1134 

1163 

1114 

1100 

2360 

1632 

2535 

3^70 

_ _ 

25.O 

23.5 

24.3 

27.0 

1110 

1203 

1057 

1144 

2375 

432 

3420 

1520 

Argon,  90^tn;  ER  ■  0.1 

9.1 

9-2 

9-0 

9-9 

8.T 

3.7 

9.4 

1303 

1261 

1204 

1226 

1209 

1135 

1314 

n 

336 
434 

1315 

1055 

1113 

2310 

337 

15.3 
15-5 
14.7 

14.3 
13.0 

_ _ 

1274 

1226 

1141 

1161 

1120 

397 

660 

1450 

1295 

1920 

26.9 
25.0 
25-3 

24.9 
24.1 
24.1 

1281 

1168 

1209 

1130 

IO59 

1079 

263 

750 

590 

1572 

3300 

3100 

! 

Argon,  99,«j;  ER  -  1.0  | 

9.0 

3-3 

9-0 

8.6 

S-2 

8.8 

8.8 

1242 

1203 

1333 

1265 

1377 

1371 

1413 

2920 

3370 

1285 

2455 

840 

963 

392 

15.] 

15.1 

14.9 

14.5 

14.9 

1341 

1371 

1271 

1197 

1323 

706 

453 

1453 

2800 

928 

25-0 

24.7 

25-3 

25.6 

1259 

1208 

1335 

1383 

163t3 

2498 

70 6 
357 

i 
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Table  82.  IOJITION  PI  LAYS  FOR  METHAyg-OXrOCT-ARGOK  MIXTURES 

Note:  ER  is  the  equivalence  ratio;  the  actual  fuei/oxygen  ratio 
divided  by  the  stoichiometric  fuel/oxygen  ratio  (talcing 
HpO  and  CQg  as  the  products  of  combustion) . 

N  *  no  ignition  detected  D  "  apparent  detonation 


Press, 

psia 

Temp, 

■K 

Delay, 

nsec 

Press, 

psia 

Temp, 

°K 

.  _ 

— 

Delay, 

psec 

_ 

Press, 

psia 

_ 

Temp, 

°K 

_ 

Delay, 

nsec 

Argon,  8o£m;  ER  *  0.1 

S.k 

9.8 

3.5 

9-3 

9-3 

e.o 

— 

1272 
1654 
1 336 
1499 

1534 

1353 

4250 

382 

2065 

744 

673 

1910 

15.0 

15.3 

15.6 

15-1 

15.2 

14. 3 
14.5 

1546 

1470 

1465 

1402 

1353 

1272 

1190 

r — — - - 

225 

444 

444 

657 

1050 

1915 

3060 

— j 

26.0 

24.9 

26.5 
25.3 
25.2 

25.5 

148? 

1386 

1391 

1210 

1310 

1294 

295 

437 

4oo 

216: 

78/ 

854 

506 


i'sble  84, 

’  -  *  V  T 
:  .  n't  l  ; 

ion.  deiai. 

Argon., 

3  ■coo  rr . roME/QHg-co;  ig SK-m.xniRis;-j 

SOiftr, ;  EH  =  0.  1 

9Q 

EHS 

Temp, 

"K 

. 

Delay, 

peec 

| — TMn— 1 - 1*  — T*~  T 

IgE? 

tier.  Detected  Front  CO*. 

Frrj Vision  at  2300 

cm”1 

!  , ,  8  1  10s? 

337C 

!  li  ,6 

1071 

3100 

23-6 

.103b  [  2700 

!  8,8  ni\ 

-*6CO 

j  ll>.4 

1129 

1030 

24.2 

1047 

£750 

i  3.9  ;  1139 

2150 

1  16.0 

1214 

460 

2C,.7 

HOP 

69: 

3.9  i  1153 

:  1350 

1  16.9 

1219 

J60 

24.9 

]_!  1C 

1000 

!  9.6  \  1219 

;  itrBo 

!  16.0 

1224 

‘*30 

?r,.? 

1  jSr'k 

660 

9*°  ;  i??6 

:  650 

1  16,0 

1239 

32  n 

25.1 

1148 

700 

! 

{ 

) 

86,4 

17.38 

390 

i 

J 

25-7 

_ 

1224 

210 

Ignition  Detected  From  CO  Ecistfion 

at  2090  eta-1 

T 

— - — -1 

I 

i  it. 6 

i 

;  13,2 

1090 

16S0 

I 

i  35.^ 

1 134 

650 

; 

:  194 

U68 

?BC 

. 

Ik .  1 

12 1, 

j 

1 

;  it. 3 

I  P  T  ■ 

52C 

i 

1  15.  -■< 

250  ! 

j 

5JI.-TH.JV/ -I  1  4 


i'ohii  a*,,  if*M  DELAYS  i«; •  jj_0X'Y(iE5i-> KC-*- '•!<  MiXTUH1?^ 


Argon,  FK  =  ''.  1, 

r rrv< ^  +  *  «-»*-»  n«4.^,v+^-c  t-n- 

-e-Eai  9*  -  a-^-j  -i  i  s-'Ui 

Fmi  seinr,  n  t-  DAO 0  c>nf^ 

Argon,  99^;  ER 

t  w  i  n«4 

A  ^lt.A  Ui'-  'tl  UV  hi.'- 

Frntspinn  nt  205C 

"  0.1, 
Fr;'7S  CO 
t'.in-1 

J 

PviC’^ 

■4  A  -  f 

1  --  Uj  p . 

i-  0  ku.y* 

Freae  •  t 

leap, 

Delay, 

r.e  ?  m 

1--*- 

_ _ 

‘  w 

1  ifr.i 

C?  i  W 
f  w  — ‘ 

•* 

liCMD  1 

— 

r.  . 

1.4 *  J 

1  ID  5 

24r< 

1  (>  *  (  5 

_ _ 

121 A 

1 

14 .  8 

1.160 

2100 

15.1 

1288 

900  | 

,1.4 , 6 

1213 

1260 

15-0 

1311 

450  j 

14.4 

1247 

940 

14.5 

i34  1 

320 

14.8 

1  ACC 

'7t  < 

t  . 

14.9 

1  77: 

*■.-  ;  - 

380 

14 . 5 

1316 

640 

(15) 

1409 

320  i 
*  ! 

15.2 

1323 

470 

1 

15.0 

1377 

320 

15.0 

1230 

2820 

(15) 

1180 

3100  ! 

14  .h 

1264 

2600 

14.8 

1219 

2500  1 

15.1 

1340 

1290 

14.7 

1275 

1260  I 

15.4 

1394 

620 

15.6 

1304 

770 

15*3 

14  IS 

560 

15.3 

1358 

520 

15.2 

1449 

560 

15.2 

1370 

480 

I  15-3 

1480 

460 

15.3 

l4l8 

3C0 

!  v  15) 

1556 

330 

1 

15- 1 

1133 

2500 

14.8 

1107 

2500 

14.6 

1171 

1900 

14.7 

1149 

1250 

14.7 

1231 

748 

15.0 

1220 

770 

14.9 

1276 

740 

14.9 

1276 

36C 

14.8 

1299 

390 

(15.0) 

1 320 

330 

(15-0) 

1343 

yS  0 

(15  0) 

1  jJO 

3C0 

(15.0) 

1355 

3.7' 

(15-0) 

1390 

27c  : 

(15.0) 

1410 

270 

(15.0) 

i4oo 

1.00 

14.5 

1130 

N 

14.3 

1104 

3430 

14.7 

1157 

2600 

15 . 1 

1162 

'.910 

15.  C 

1184 

2000 

15.5 

1205 

22 0C 

16.0 

1256 

780 

15  A 

1216 

2C<X) 

15.7 

1244 

450 

*•  r  ^ 

AU  .  V-/ 

|  W\j 

■»  )• 
a  l  »  *r 

T  <N#' 

X.  JW\/ 

77A 

J  >V'  ■ 

i  £  x, 

*--*•  s 

S294 

U60 

16,  ■;>. 

3  1^7 

330  | 

15.8 

13  CO 

! .  70 

-'A 

16,5 

1.33C 

130  | 

i 

-340 

O-'V*'  i 

,r.X-  , 

("continued"!" 
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f 


AFAPL-TR-67  -114 
Part,  I 


Table  S3  (Contd).  I0NI7ICW  DELAYS  FOR  KCh-OXYOEi-AHO.  jj  MIXTURES 


Argon,  8oja;  SR  >  0.1,  Ignition  Detected  From  CCfe  Emission  at  23C©  car 


Press. , 
peia 

Teap, 

’X 

- 

Delay, 

Msec 

Press., 

psia 

Temp, 

•K 

Delay, 

us^c 

Press. , 
Msec 

Temp, 

*K 

1-- . 

Delay, 

Msec 

a  . 

M*U 

1 

-1  Aflft 

1WO 

1120 

14.1 

1051 

3000 

2^.1 

ioe8 

3370 

8.6 

112“2 

2240 

15-1 

1079 

278c 

25-2 

1074 

2460 

9-1 

1187 

157 1 

14.7 

1084 

2540 

24.8 

1108 

Il80 

9-7 

12M-J 

435 

15.0 

1096 

26.30 

25. 0 

1118 

TOO 

9-7 

12U7 

870 

15.6 

15.9 

1132 

1171 

1660 

5  TO 

28.7 

51.2 

1167 

1294 

1280 

4oo 

Argon,  805b;  ER  -  0.1,  Ignition  Detected  From  CO  Emission  at  2050  cm-'1 


T 


14.J 

1014 

N 

14.9 

1061 

2460 

14.8 

1065 

2600 

15.7 

1122 

1460 

15.4 

1122 

810 

150 

1142 

700 

15.6 

114? 

850 

AF.  FL-TR-67-13.-'' 
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T»bl«  36.  IGNITION  DELAYS  FOR  PROPASE- 
orropj -argon  mixture 


•I 
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Table  86  (Ccotd).  IQHITICK  DELAYS  fGH  PROPANK- 
CXYOBI-AROON  MIXTURES 


Argon,  991b;  ER  -  0.1 
Ignition  Detected  From  CQ* 
^mission  at  2300  cm-1 

Argon,  99lb;  Eil  •»  0.1 
Ignition  Detected  From  CO 
Emission  at  2050  cm-1 

Press., 

Temp, 

Delay, 

Press., 

Temp, 

Delay, 

psia 

"X 

Meec 

psia 

°K 

nsec 

13.6 

IO89 

2800 

(15-0) 

13.6 

1110 

1156 

2200 

1230 

14.1 

1095 

3300 

15.0 

1188 

1050 

14.2 

1172 

1230 

14.6 

1199 

1700 

15-9 

1188 

1180 

14.0 

121b 

990 

16.1 

1204 

1340 

14.9 

1265 

530 

14.0 

1215 

1220 

14.8 

1269 

470 

15.0 

12T5 

610 

15.0 

1286 

370 

14.7 

1292 

44o 

_  _ 

j 

APAPL-TR--6”  -U4 
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Table  87. 


IGNITION  DELAYS  FOP  2,2, 
BtETM-aYYGEN-MC&N  MdO 


5- TFrRAMETHYL 


=  0.1, 

Ax son 


EH  =  0.2. 
?7.5%n  Are< 


IH  =0.1,  95>m  Argon 


P  =  15 

psia 

P  ” 

9  p;  la 

P  = 

is  psia 

P  - 

25  pel a 

Temp, 

Delay, 

Temu, 

Delay. 

Tenro. 

Delay. 

“ft:np . 

Del ay. 

Teffip- 

DaI  flv. 

-  —  —  v  * 

#K 

pse  a 

°k“  ' 

?ec 

•k" 

j  IP  AC 

_ jfTJ 

Msec 

_ °K 

ms  ec 

1167 

3050 

1232 

2500 

II85 

’•700 

1160 

2700 

1100 

3700 

1171 

3500 

1257 

2560 

II85 

^550 

1183 

1900 

1184 

2440 

1216 

2050 

1257 

1700 

1247 

l4lo 

1251 

1225 

1210 

1400 

1220 

16  f ") 

1279 

2050 

1255 

1850 

1285 

840 

1225 

1470 

1262 

U4o 

1321 

730 

1265 

129' 

1314 

590 

1237 

925 

1293 

950 

1346 

775 

1337 

850 

1345 

460 

1295 

715 

1313 

960 

1388 

4'X> 

1372 

430 

3  550 

360 

2  307 

560 

1330 

4J0 

1388 

4/5 

1440 

200 

1326 

460 

1359 

210 

1394 

500 

1365 

180 

1394 

475 

1389 

125 

1416 

330 

1601 

35 

l4f  1 

210 

1407 

150 

1485 

200 

1407 

100 

1510 

100 

1438 

100 

1516 

115 

P  *  15  psia,  ER  *  0.1,  95$m  Argon 


Temp, 

°K 

Delay, 

Msec 

Temp, 

°K 

Delay. 

Msec 

1162 

3530 

1130 

3700 

1162 

3290 

1160 

2800 

1194 

2015 

1196 

1800 

1196 

2650 

1200 

2650 

1201 

2.77° 

1210 

1650 

1  ££  f 

UfC  K 

2435 

1*170 

1227 

1405 

1246 

882 

1245 

932 

1288 

730 

1250 

966 

1323 

410 

1290 

8l6 

1338 

329 

1300 

702 

1356 

280 

132.0 

684 

1363 

570 

1  -r  r  O 

410 

1363 

25O 

1363 

2oC 

1374 

230 

1383 

300 

1380 

220 

1390 

280 

1380 

180 

1390 

270 

1386 

150 

2465 

76 

1398 

190 

I3O3 

64 

1398 

150 

)eiay, 

usee 


513 
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Table  80.  IGNITION  DELAYS  FOR  NROPENTANE- 
OXYGEN- ARGON  MIXTURES 

ER  =  0.1,  s  m  Argon 


V 

9  psia 

P  - 

1  cr  j 

^  — i 

P  ^  25 

j*.fi  i  a 

Temp, 

°K 

Delay, 

nsec 

Temp, 

°K 

Delay, 

nsec 

Temp, 

Gy 

Delay, 

ucec 

1215 

3530 

1147 

3510 

1179 

3300 

1239 

1720 

1170 

24J- 

1181 

2820 

1284 

1230 

II80 

2410 

1191 

2080 

1337 

825 

1199 

2270 

1217 

1770 

1352 

730 

1220 

1655 

1240 

1,505 

1374 

540 

I22y 

1510 

1284 

842 

l4o6 

340 

1249 

1020 

1320 

653 

12C  8 

905 

1341 

36O 

13.12 

78; 

1346 

360 

1325 

523 

1352 

390 

1352 

390 

1377 

300 

1490 

100 

1503 

81 

15C6 

79 

”|  04% 

fvP 

1605 

35 

3l'< 
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Table  09-  IGNITION  DELAYS  FOR  2,2,3 -TRI FETFYL  BUTAME- 
CDCYGEN-ARCON  MIXTURES 


P  =  15  psia,  ER 

=  0.1,  95^  Argon 

Temp, 

Delay, 

Temp, 

Delay, 

Temp, 

Deley, 

°K 

psec 

°K 

lx sec 

°K 

psec 

ll6l 

3150 

1360 

200 

i4oo 

165 

1187 

2500 

1366 

200 

1U00 

150 

1203 

ieoo 

1374 

160 

lUOlL 

110 

1230 

1250 

1330 

200 

1422 

120 

1245 

1150 

1380 

195 

1428 

90 

126  i* 

950 

1366 

165 

1459 

70 

1302 

850 

1392 

150 

1465 

70 

1316 

32c 

1392 

140 

1471 

35 

1339 

360 

1398 

100 

148? 

35 

315 
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ible 


1  NIT I ON  DELAYS  FOR  1 1  -OCTANE --OXYG EN 
ARGON  MIXTURES 


P  =  1‘j  nsia 


95$ni 

Argon 

97.5#m 

Argon 

ER  --= 

0.1 

ER  = 

0.2 

ER  = 

0.1 

ER  = 

0.2 

Temp, 

°X 

Dela:  , 

usee 

Temp, 

°K 

Delay, 

usee 

Temp, 

°K 

Del  ay, 
i-iaec 

Temp, 

"K 

Delay, 

^ec 

1126 

3500 

1140 

3200 

1107 

2750 

II65 

2290 

1152 

2600 

1176 

1400 

1134 

2000 

1223 

1570 

1160 

2000 

1177 

2400 

1177 

1750 

1223 

1250 

1187 

1600 

1190 

1900 

1178 

1800 

1275 

662 

1218 

860 

1231 

900 

1178 

1800 

1294 

735 

1224 

860 

1231 

870 

1225 

950 

1317 

450 

1255 

740 

1260 

550 

1230 

870 

1339 

355 

1262 

850 

1322 

215 

1230 

760 

1375 

150 

1274 

390 

1322 

200 

1263 

830 

1381 

190 

1284 

490 

1331 

460 

1297 

510 

1381 

153 

1293 

325 

1345 

230 

1319 

510 

1393 

140 

1300 

470 

1358 

100 

1336 

240 

1399 

100 

1315 

310 

1388 

135 

1401 

155 

1423 

165 

1515 

300 

1420 

1170 

1444 

115 

1435  ■ 

.  115 

1316 

350 

1426 

85 

1450 

115 

1473 

73 

1328 

150 

1460 

35 

1467 

115 

1328 

115 

1481 

110 

1345 

150 

l48l 

80 

1351 

165 

1513 

100 

1357 

125 

1357 

115 

1386 

55 

1391 

150 

1392 

70 

1397 

125 

1404 

50 
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TABLE  91.  PROPERTY  VALUES  FOR  METHYLCYCLCHEXANE  C7H14 


MOLECULAR  WEIGHT 
BOILING  POINT 
FREEZING  POINT 
SPECIFIC  GRAVITY 
CRITICAL  TEMP. 
CRITICAL  PRESSURE 
CRITICAL  VOLUME 
ACENTRIC  FACTOR 


98.18 

213.68 

-195.87 

0.7753 

570.5 

504. 

0.0561 

0.257 


LOWER  EX8L0.  LIMIT  1.2 


HEAT,  VAPORIZATION  138.72 

HEAT,  FUSION  29.6 

HEAT,  COMBUSTION  18797. 
FREE  ENERGY,  COM B.  138.6 

HEAT,  FORMATION  678.2 

FREE  ENERGY,  FORM.  119.5 

FLASH  POINT  25. 

AUTOIGNITION  TEMP.  3  o. 
UPPER  EXPLC.  LIMIT 


****************************  gas  PROPERTIES  ************** ********** **** 


TEMP. 

PV/RT 

VISCOS 

T  HE  RMAL 

HEAT 

PRANDTL 

HEAT  CONTE 

NT 

.  .PRESSURE. 

-ITY 

CONDUC- 

CaPAC- 

NUMoER 

.  PRESSURE 

60C 

1200 

T  I V I  T  Y 

ITY 

0 

600 

1200 

-200 

0.0076 

0.00C9 

0.087 

0.  712 

-38.4 

-100 

0.0106 

0.0028 

0.195 

0.751 

-24.1 

0 

0.0136 

0.0051 

0.284 

0.762 

-0.0 

100 

0.0165 

0.0077 

0.355 

0.756 

32.1 

200 

0.0193 

0.0105 

0.42C 

0.769 

70.9 

300 

0.0220 

0.0137 

0.430 

0.771 

115.  9 

400 

0.0246 

0.0170 

0.536 

0.773 

166.7 

500 

0.0270 

0.02C5 

0.589 

0.774 

222.9 

600 

0.343 

0.403 

0.0293 

0.0242 

0.638 

0.775 

2 34,  3 

231.2 

210.7 

700 

0.656 

0.477 

0.0315 

0.0279 

0.635 

0.776 

350.5 

3  2  3.4 

290.9 

800 

0.760 

0.589 

0.0337 

0.0316 

0.728 

0.776 

421.2 

400.4 

375.5 

900 

0.823 

0.692 

P.0357 

0.0354 

0.769 

0.777 

496.1 

479.0 

460 . 2 

10C0 

0.865 

0.768 

0.0377 

0.0391 

C.806 

0.77  7 

574.  8 

560.3 

545.4 

lion 

0.895 

0.822 

0.0396 

0.C426 

0.840 

C.773 

657.  1 

644.6 

6  32.3 

1200 

0.916 

0.862 

0.0415 

0  •  C  ^  6  j 

0.571 

0.778 

742.7 

731.7 

721.2 

***************  LIQUID  PROPERTIES  AT  SATURATION  PRESSURE  *************** 


TFMP. 

DFNSI ty 

vi seas 

THERMAL 

HEAT 

-my 

CONDUC¬ 

CAPAC 

TIVITY 

-ITY 

-MO 

Vt .  v  7 

33.P29 

o .  i  n 

0 .  /  ;*  7 

- 1  oo 

“i<  *  to  h 

i 2. 328 

o.ov  / 

0  •  2  H  2 

-50 

51.37 

5.853 

0.085 

0.334 

0 

5  0.  oi 

3  .267 

0.076 

f?,  3  a  i 

50 

46.62 

2.04  5 

0.C69 

0.424 

IOC 

47.17 

1.392 

0.062 

0.462 

1  SO 

45.67 

1.C09 

0.057 

C.499 

200 

44.0  9 

0.768 

C.053 

0.534 

250 

42.43 

0.607 

0.049 

0.569 

3  no 

4^.65 

P.516 

0.046 

0.603 

350 

38.73 

0.446 

0.043 

0.63  6 

4  0  0 

36.60 

0.356 

0  •  "4  1 

0.677 

4  SO 

34. 14 

0.334 

0  .  o.  3  8 

r  .  726 

5  0  P 

31.07 

0.283 

0.  80S 

D  0 

26,26 

:  •  c  c  2 

1.118 

HEAT 

HEAT  OF 

VAPOR 

SURFACE 

content 

VmPOR- 

PRESSURE 

TENSION 

izat  je-n 

-2  Of  ,  8 

lYfc.  .) 

0  .3)  C.  r  1 

n .  On  ;!6 

-156.  1 

172.  U 

( i  •  0004 

N  .  0  /54 

-180,7 

167.3 

0.00/6 

0,0682 

-152,8 

162,3 

0*0717 

0 .  C  6  i  2 

-142.7 

157.8 

0.4Q11 

C  .0  544 

-120.5 

152.4 

1.5730 

0.0476 

-96.5 

146.7 

4.7465 

0.0414 

-70.6 

140.5 

11.7816 

0 . 03  c  2 

-43.0 

13  3,7 

25. 1344 

0.0292 

-13.5 

126.2 

47.9999 

O.C235 

17.2 

117.7 

£3.6793 

0.0181 

50.1 

'07  - 

135.0226 

0.0130 

85.1 

95.8 

2C9. 24^4 

0.0033 

123.2 

79.6 

506. 2674 

0. C042 

168.7 

52.4 

4j?.^<iy'9 

0.0009 
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TABLE 


PROPERTY  VALUES  FOR  TOLUENE 


MOLECULAR  WEIGHT 
BOILING  POINT 
FREEZING  POINT 
SPECIFIC  GRAVITY 
CRITICAL  TEMP. 
CRITICAL  PRESSURE 
CRITICAL  VOLUME 
ACENTRIC  FACTOR 
LOWER  EXPLO.  LIMIT 


92.14 

231.12 

-138.98 

0.8735 

609.5 

611. 

0.0554 

0.245 

1.3 


oE  C7H8 

HEAT  »  VAPORIZATION  156.28 
HEAT.  FUSION 

HEAT.  COMBUSTION  18433. 
FREE  ENERGY,  COMB.  4&31.3 

HE*T»  FORMATION  233.4 

FREE  ENERGY.  FORM.  571.0 

FLASH  POINT  40. 

AUTOIGNlTION  TEMP.  1026. 
UPPER  EXPLO.  LIMIT  7.0 


a***************************  GAS  PROPERTIES  ******************  ********** 


TFMP. 

PV/RT 

VI  SC OS 

THERMAL 

HEAT 

prandtl 

HE 

AT  CONTENT 

..PRESSURE. 

-ITY 

CONDUC- 

CAPAC- 

number 

HKcbbURb. » 

600  1200 

TIVITY 

I  TY 

r\ 

6 !  j  C 

1 2  0  0 

-200 

0.008  3 

0. 0007 

0.054 

0.665 

-29.8 

-100 

0.0113 

0.0023 

C.153 

0.739 

-19.3 

0 

0.0145 

0.0044 

0.228 

0.754 

-0.0 

100 

0.0177 

0.0065 

0.281 

0.760 

2  3.5 

200 

"."209 

0.0091 

0.332 

0.764 

56.  1 

300 

0.0241 

0.0119 

0.380 

0.766 

91.8 

40C 

0.0272 

0.0150 

0.423 

0.76G 

131.5 

500 

0.0302 

0,0181 

0.463 

0.770 

176.3 

600 

0.0331 

C.0214 

0.496 

0.771 

c  24.  3 

7  r>p 

0.67  /  "  •  4 1 0 

o."359 

0 , "246 

0 . 530 

0.772 

273.8 

4  9  •  7 

cOT.7 

8  "0 

0.773  0.555 

0."386 

0 , "279 

0.558 

0.773 

330.  2 

310. C 

2  61.7 

9  "0 

0.831  0.679 

0,0412 

0.0312 

C.595 

0.773 

387. 4 

3  7Q »  8 

350.8 

1000 

0.870  0.76" 

0 . 0438 

9.0344 

0.609 

0,774 

447.2 

433.0 

417.4 

1100 

0.899  0.816 

".0462 

0.0377 

0.631 

0,774 

504.2 

496.5 

4  34,1 

1200 

0.920’ 0.857 

r . 0486 

0,0409 

0.651 

0.775 

573.  3 

562.5 

5  51./ 

***************  LIQUID  PROPERTIES  AT  SATURATION  PRESSURE  *************** 


T  E  M  P . 

DFNS i TY 

vi seas 

THERMAL 

heat 

HEAT 

H L A T  OF 

VAPOR 

SURFACE 

-ITY 

CCNDUC- 

CAPAC 

CONTENT 

VAPOR¬ 

PRESSURE 

T  E  N  S  I  C  N 

TIVI TY 

-ITY 

IZATION 

-100 

*9.32 

7.948 

0.115 

0.256 

-216. 6 

19  7.3 

0.0C02 

0.0673 

-50 

5  8.16 

*.112 

".101 

0 .302 

-202.5 

152.0 

C.003E 

0.0799 

0 

c6, 49 

2.453 

o,09o 

0. 341 

-186.5 

186.5 

0.0394 

0.0726 

50 

54.  8" 

1.622 

o  .  "  8 1 

0.375 

-169.5 

ISO.  7 

0.2*29 

0.0655 

1  <■>  A 

5  3.08 

1.15* 

0  .  "  7* 

,  4"5 

-149.1 

17*.  5 

1.0320 

0.0  5  o  4 

15" 

51.34 

".568 

0.063 

0.4  26 

-123,0 

167.9 

3.3320 

0.0315 

2  0  0 

49.  55 

0.682 

0.06  3 

0.466 

-105.5 

160.  3 

8.7492 

0.0*46 

2  ^  n 

47.72 

0.5  34 

0.056 

0.496 

-51.4 

153,5 

13.5a o 

0,0363 

3  00 

4  5.81 

C  .456 

0.055 

0. 52* 

-55.9 

1*5.  1 

58.921 9 

0.0319 

3  5  r 

*3.60 

0,261 

0.351 

0.553 

—  c.  v  .  0 

.35.  v 

7'  .2*31 

0.0258 

4  C  o 

*1.62 

3}dS5 

"  .  ^*6 

0.3  b* 

rv  L 

“  •  O 

1  ^ 

117.573^ 

0 .  C  1 7  9 

40  0 

39.15 

j  c.  3  ~ 

0.045 

•"  .  to  c  0 

25.4 

113,5 

183.40 01 

0  .  C  1  *  3 

son 

36.22 

0  .  ~  *  3 

o,67" 

6  i  •  6 

>6.7 

2  7  9  •  t.  i  o  ? 

0.0090 

c.  c;  r» 

37.2  1 

0.13^ 

0.7*" 

97,1 

■? :'  7 

■  • 

*05.4  1*3 

0.00*3 

f,  '7  n 

2  3.2" 

c  #  r  s  7 

1  .  *  r  0 

1  *  3  .  ? 

39.9 

573.2365 

C  .0005 

r 
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TABLE  93.  PROPERTY.  VALUES  FOR  HYDROGEN 


MOLECULAR.  WEIGHT  2.02 

BOILING", POINT  -422.98 

FREEZING  POINT  -434.56 

SPECIFIC  GRAVITY 
CRITICAL  TFMP.  -399.8 

CRITICAL  PRESSURE  188. 

CRITICAL  VOLUME  0.5159 

ACENtRIC  FACTOR  -0.230 

LOWER  EXPL0.  LIMIT  4.0 


HEAT.  VAPORIZATION  194.39 

HEAT,  FUSION  13.7 

HEAT,  COMBUSTION  60997. 
FREE  ENERGY,  COME..  •  33.0 

HEAT,  FORMATION 
FREE  ENERGY,  FORM. 

FLASH  POINT 

AUTCIGNiTiON  TEMP.  10S5. 
UPPER  EXPLG.  LIMIT  75.0 


#*##**#***##*******f********  GAS  PROPERTIES 


**************************** 


TEMP. 

PV/RT 

VISCOS 

THERMAL 

HEAT 

PRANDTL 

HE 

at  CONTENT 

-  * 

..PRESSURE. 
600  1200 

- 1  T  Y 

CONDUC- 
T I V I TY 

CAPAC¬ 

ITY 

NUMBER 

0 

PRESSURE. 

600 

120C 

-200 

1.034 

1.076 

0.0129 

0.0638 

3.4-32 

0.695 

-683. 1 

-686.9 

-687.0 

-100 

1.032 

1.068 

0.0162 

0.0771 

■3.412 

0.719 

-341.1 

-337.4 

-331.8 

o 

1.0?8 

1.05  8 

0.0192 

0.0912 

3.413 

0.717 

-0.0 

7.5 

t  16.0 

1  00 

1.025 

1.050 

0.0213 

0.1031 

3.433 

0.69  3 

342. 3 

3  52.0 

3  62.3 

200 

1.022 

1.044 

0.0243 

0.1237 

3.447 

0.67S 

686.2 

6  97.3 

708 . 6 

300 

l.n20 

1.039 

0.0267 

0.1339 

3.459 

0.663 

1031.6 

1043.6 

1056.0 

400 

1.018 

1.035 

0.0290 

0.1519 

3.464 

0.660 

1377.9 

1390.7 

1403.7 

500 

1.016 

1.032 

0.0311 

0.1648 

3.469 

0.655 

1724.5 

1737.6 

1751.3 

600 

1.015 

1.029 

0.0332 

0. 1768 

3.472 

0  •  65 

2071.7 

2085.4 

cOS?. 6 

7  CO 

1.013 

1.027 

0.0352 

0.1895 

3.479 

0.645 

2419.2 

2433.3 

2447.4 

800 

1.012 

1.025 

0.0370 

0.2023 

3.487 

0.637 

2767.5 

2761.3 

2796.2 

900 

1.012 

1.023 

0.0389 

0.2171 

3.499 

C  »  62  7 

313  6.8 

3131.3 

3145.9 

1000 

1.011 

1.022 

0.04.07 

0.2323 

3.512 

0.615 

3467.3 

3462.0 

3496.8 

1100 

1.010 

1.020 

0.0425 

0.2496 

3.529 

0.6C1 

3519. 3 

3834. 2 

3849.  1 

1200 

1.010 

1.019 

0.0443 

0.2677 

3.547 

0.587 

4173. 1 

4188.1 

4203.1 
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UNITS 

FOR  PROPERTY 

VALUES  IN  TABLES  91 

-93 

MOLECULAR  WEIGHT 

POUNDS/'- OLE 

HEAT,  VAPORIZATION 

,  ..  C 

IL.  PT. 

ITU/LL 

BOILING 

POINT 

DEGREES 

F. 

HEAT,  FUSION 

BTU/LH 

FREE2  ING 

POINT 

DFGREES 

F. 

HEAT,  COMBUSTION 

25 

DEG.  C. 

htu/lb 

SPECIFIC 

GRAVITY 

(A! 

FREE  ENERGY,  COMB. 

2  5 

DEG.  C. 

PTU/L9 

CRITICAL 

TEMP. 

DEGREES 

F. 

HEAT,  FORMATION 

25 

DEC.  C. 

5TU/LB 

CR  IT ICAL 

PRESSURE 

PSIA 

FREE  FMFRGY ,  FORM. 

25 

DEG.  C. 

BTU/LS 

CR I  I  ICAL 

VOLUME 

CUFT/L.5 

FLASH  POINT 

DEG.  F 

ACENTRIC 

FACTOR 

(A) 

AUTOIGNITION  TEMP. 

DEG.  F 

EXPLOSIVE  LIMITS  PERCENT  BY  VOLUME  IN  AIR 

#*#*###*#***■;!•» ***#-##*##*## ##  PROPERTIES  ******************************* 


T E.-.P  PV/RT  VI5COS  THERMAL  HEAT  PRAHDTL  HEAT  CONTENT 

..PRESSURE.  -ITY  CONDUC-  CAPAC-  NUMBER  . PRESSURE ....... 

100  200  TIVITV  ITY  0  100  200 

CFG.  F  (A)  (B)  LB(MASS)  (D)  0TIJ/LB  (A)  BTU/PCU.ND  (B)  (C) 

/FT/HR  /D  EG. F 


**#**#####*#***  liouio  PROPERTIES  AT  SATURATION  PRESSURE  >*#**#**##***#* 

TEMP.  DENSITY  VISCOS  THERMAL  HEAT  HEAT  HEAT  OF  VAPOR  SURFACE 
— ITY  CONDUC-  CAPAC  CONTENT  VAPOR-  PRESSURE  TENSION 
TIVITY  -ITY  I Z A  T I  ON 


L_G«  F  Lo/  L  3 ( MASS ) / 
CUFT  FT/HR 


(D)  ETU/LD/ 
DEG.  r 


3TU/LB  ETU/LB 
(  C  ) 


PSIA  PUUisDALS/ 
FOOT 


(A)  DIMENSIONLESS  UNITS  (LIQUID  SP.  GR.  AT  6o/60°F) 
(3)  PRESSURE  IN  PSIA 

(C)  REFERENCE  STATE  -  -  GAS  AT  0  DEGRjSES  F. 

(  E  )  BTU/HR /FT/DEG.  F 


520 
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The  apparatus  used  for  the  reaction  studies  consisted  of  two 
identical  rea  "tor  unite,  each  with  a  hot  tube  reactor  and  with  conventional 
devices  for  m<  asuring  feed  flow  rate,  and  for  collecting  and  measuring  reac¬ 
tion  products.  A  .".cheinat ; c  of  otic  reactor  unit  is  shown  in  Figure  92; 
photographs  of  the  complete  dual  reactor  ar««rbly  arc  shewn  i*. 
and  vu .  ~ 

The  reactor  was  a  furnace-heated  stainless  steel  tube  { l/2-inch 
IFS)  33  inches  long.  The  catalyst  bed  (ca  5  inches  long)  was  located  in  the 
lover  portion  of  the  tube;  the  top  portion  served  as  a  preheater.  For  thermal 
reaction  studies,  a  bed  of  quarts  was  usee  ins to— .  of  caielyt.  "Tie  non- 
hydrocarbon  gases  rased  for  ci taxyst  regeneration),  were  metered  through 
conventional  rotameters  and  entered  the  reactor  at  the  top.  Liquid  hydro¬ 
carbon  feed  was  forced  from  a  liquid  reservoir  through  a  rotameter  by  means 
of  argon  pressure.  The  feed  was  then  vaporized  in  a  heated  1 ine  and  entered 
the  reactor  an  a  vapor  through  a  separate  tube  that  terminated  just  above 
the  catalyst  bed.  The  hot  exit  gases  from  the  reactor  passed  through  a  con¬ 
denser  and  then  a  liquid-gas  separator.  The  liquid  was  collected  in  a 
Jc-rguson  gauge;  the  gas  products  were  passed  through  a  Grove  pressure  regula¬ 
tor,  a  wet  test  meter  and  then  were  vented.  Gas  samples  were  taken  upstream 
from  the  wet -test  meter.  A  thermowell  entered  the  reactor  from  the  bottom 
end  and  served  to  contain  the  thermocouples  used  for  measuring  bed 
temperatures. 

The  platinum  catalyst  vac  stored  in  the  ’unreduced  form  and  sieved 
before  charging.  It  was  reduced  with  hydrogen  just  before  starting  the 
experiment.  The  reduction  was  carried  out  as  follows.  After  loading  and 
pressure  testing  the  reactor  was  brought  to  572 °F  in  argon  and  then  hydrogen 
flow  started.  The  catalyst  was  he’d  at  this  temperature  in  hydrogen  for  30 
minutes  and  then  brought  to  reaction  temperature.  The  flow  was  maintained 
and  the  catalyst  held  at  the  reaction  temperature  for  one  hour  after  which 
the  hydrogen  was  shut  off  and  the  feed  flow  started.  After  catalyst  reduction 
the  catalyst  was  always  cooled  to  below  572°F  or  brought  up  to  reaction 
temperature  in  an  atmosphere  of  hydrog  in. 

Calculation  of  Conversions ,  5el activities  and  Coke  Formed 

Tne  conversion  .:  and  select ivities  were  calculated  on  the  basis  of 
gas  phase  (at  reaction  temperature)  product  material  only;  any  coke  or  polymer 
formed  did  not  enter  into  the  calculations.  Thus,  conversions  are  minimum 
and  selectivitiee  are  maximum  values. 

Calculation  of  Keat  Sinks  '  nd  Heats  of  Reaction 


Endothermic  heats  of  reaction  were  calculated  from  the  conversion, 
selectivity  for  a  given  product  and  the  thermodynamic  heat  of  reaction  at 
100%  conversion.  Thus,  the  contribution  to  the  total  heat  of  reaction  by  any 
given  reaction  ^s  given  by  Hp  *=  CpxSpxHp  where 
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Table  95.  THERNDDIlNAMIC  HEATS  OF  REACTION 


Naphthene 

Reac  jicn  Products 

£%i,  Btu/'lb 

Diethylcyolohexane 

DEB,  H2 

Light  gas 

622  , 
-600a' 

Dicyclohexyl 

Ben  sne,  Hj- 
Toluene,  pentane 
Cyclohexane 

Hexane 

IO56 

^25 

-231a) 

MDH,  pen lane 

Light  gas 

22 

Diphenyl,  Efe 

iceo 

Phenylcyclohexane,  Ha 

540 

Decal  in 

Naphthalene,  Hs 

950 

Tetralin,  Kg 

670 

CH  •>  olefin 

143 

MCE  +  olefin 

DJtK  +  olefin 

DECn 

143 

1*0  . 
-noa) 

Benzene  +  olefin 

300 

Toluene  +  olefin 

300 

EB  +  olefin 

800 

DEB 

-700 

Aliyl  aroiaatics 

-400 

Methj  liecalin 

Methyinaphthalene,  He 

900 

Metljyltetralin,  He 

600 

MCH,  olefin 

130 

DMOF  olefin 

130  . 

D3CI1,  C14 

-2401 ' 

Benzene,  olefin  +  C.H4 

600 

Toluene,  olefin 

730 

DEB,  CH* 

350 

.Xylene,  olefin 

700 

Light  gas 

-£.30*) 
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Table  97.  LATENT  FIUS  SBCIELE  HEATS  OF 
'  VARIOUS  NAPHTHENES 


Naplithene 

Latent  Plus  Sensible  Heat 

,  Btu/lba> 

Temperature,  °F 

842 

952 

1022 

1112 

1202 

1293 

1340 

»WHb> 

707 

772 

847 

920 

995 

1070 

1120 

DCH 

560 

620 

687 

742 

83  9 

891 

930 

DHN 

710 

780 

850 

920 

990 

3,065 

1100 

MDHN 

710 

780 

85c 

920 

990 

1065 

1100 

"a)  From  70*F  to  temperature  indicated, 
b)  Prom  freezing  point  (-196°F)j  to  convert  to 
70°F  subtract  l6j  Btu/lb. 
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